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(54) Projection optical system and projection exposure apparatus using the same 



(57) A projection optical system includes a plurality 
of positive lens groups having a positive refractive 
power, and at least one negative lens group having a 
negative refractive power, wherein, when L is a conju- 
gate distance of the projection optical system and 0o is 
the sum of powers of the or each negative lens group, a 
relation ILx0ol > 17 is satisfied, wherein, when h is a 
height of an axial marginal light ray and h^ is a height of 
a most abaxial chief ray, at least two aspherical surfaces 



are formed on surfaces which satisfy a relation \hyh\ > 
0.35, wherein, when AASPH is an aspherical amount of 
each aspherical surface, a relation lAASPH/LI > 1.0x10" 
^ is satisfied, and wherein the at least two aspherical 
surfaces include regions in which, from a central portion 
toward a peripheral portion of the surface, their local 
curvature powers change with mutually opposite signs. 
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Description 

FIELD OF THE INVENTION AND RELATED ART 

5 [0001] This invention relates to a projection optical system and a projection exposure apparatus using the same. 
More particularly, the invention is suitably applicable to a projection exposure process for printing a reticle pattern on a 
photosensitive substrate in accordance with a step-and-repeat method or a step-and-scan method, for manufacture of 
large-Integration mrcrodevlces or semiconductor devices of submicron or quarter-micron order, such as IC, LSI, CCD. 
or liquid crystal panel, for example. 

10 [0002] Generally, in a projection exposure apparatus, a reticle having an electronic circuit pattern formed thereon is 
Illuminated with light (exposure light) from an Illumination system (Illumination optical system) and the pattern is pro- 
jected onto a wafer through a projection optical system. 

[0003] With an increasing density of a semiconductor device, strict requirements have been applied to the perform- 
ance or specification of a projection optical system. Generally, for a higher resolution, attempts have been made in rela- 
15 tion to shortening the wavelength of exposure light, better correction of aben-ations of a projection optical system, or 
enlargement of the numerical aperture (NA) of a projection optical system. 

[0004] As regards the exposure light, light of i line lamp or laser light of an excimer laser such as KrF or ArF, for 
example, is used. Further, use of light from Fg excimer laser has been proposed. 

[0005] As regards enlargement of the numerical aperture (NA) of a projection optical system, the NA Is being 

20 increased from 0.6 to 0.65, and then to 0,7. 

[0006] As regards aberration correction, many attempts have been made so that a dual-telecentric system (being 
telocentric on object and image sides) is defined to reduce image distortion resulting from a warp of a reticle or a wafer 
and, on the other hand, distortion attributable to the projection optical system is reduced as much as possible. Also, the 
image plane width (field curvature amount) of best image points at each image heights is minimized, while the contrast 

25 gain at each image heights are uniformed as much as possible. 

[0007] On the other hand, semiconductor device manufacturing processes use many reticle patterns or linewidths 
and, in accordance with them, the illumination condition is changed variously to obtain a best pattern image. In order to 
minimize differences in distortion or image plane flatness, for example, under different illumination conditions, comma 
aben^tions at each image heights are reduced to attain registration of the image plane. 

30 [0008] Further, while the throughput of a projection exposure apparatus is an important factor, the chip size has 
been enlarged to increase the throughput. The exposure region of the projection optical system Is enlarged to meet this. 
[0009] As regards a projection optical system for use in a projection exposure apparatus, Japanese Laid-Open Pat- 
ent Applications, Laid-Open No. 105861/1997, No. 48517/1998, and No. 79345/1998 have proposed a projection opti- 
cal system wherein all lens systems are defined by spherical surfaces. 

35 [0010] Japanese Published Patent Application. Publication No.48089/1 995 and Japanese Laid-Open Patent Appli- 
cations, Laid-open No. 128592/1995. No. 179204/1996, No. 34593/1993, No. 197791/1998. No. 154657/1998. No. 
325922/1998, No. 333030/1998, and No. 6957/1999, have proposed a projection optical system wherein an aspherical 
surface is used for aberration correction. 

[0011] In projection optical systems, in order that the shortening of the exposure wavelength and enlargement of 
40 the numerical aperture as well as a relatively large exposure region are satisfied while a good optical performance with 
less change in performance over various illumination modes is held, it is necessary to appropriately set the refractive 
powers of lens groups (lens units) as well as the lens structures of them. 

[0012] Generally, in order to obtain a good optical performance with less performance change, the refractive power 
of each lens group (unit) should be made smaller to reduce the aberration amount to be produced in each lens group 
45 or, alternatively, the number of lenses to be used in each lens group should be enlarged to expand the degree of free- 
dom in regard to aberration correction. 

[0013] Therefore, if use of a shortened exposure wavelength and an enlarged numerical aperture (NA) as well as 
a wide exposure area are all desired, It necessarily results in enlargerrient of the lens conjugate distance (object-to- 
image distance) or an increase in the lens diameter or in the number of lenses, which causes inconveniences such as 

50 bulkiness in weight or thickness of the whole lens system. 

[0014] Then, in that occasion, there arises a problem of deterioration of the imaging performance due to lens defor- 
mation attributable to an environmental change or a lens assembling precision. With enlargement of the lens diameter, 
deformation of a lens due to the weight thereof becomes large. Additionally, if a desired performance is to be accom- 
plished within a certain conjugate distance, a larger number of lenses have to be used. Therefore, the thickness of each 

55 lens has to be reduced, and the lens defonnation due to the weight thereof grows more. With a large lens deformation, 
the curvature radius of each surface of a lens is deviated from a design value, which causes degradation of the imaging 
perfomnance. Further, while lenses are held by a metal holding element, in a strict sense and due to a machining pre- 
cision, it is difficult for such metal holding element to hold the lenses uniformly. Therefore, if the lens deformation due to 
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the weight thereof becomes large and the lens deforms asymmetrically with respect to an optical axis, an asymmetric 
aberration is produced thereby. This Is a large factor for deterioration of the imaging performance. 
[0015] Further, with regard to the design perfomnance, there are problems in relation to changes in the best imaging 
position depending on the linewidth (pattern linewidth), changes in the image point position or contrast depending on 
5 the image height, changes in distortion between different illumination conditions, and changes in image plane flatness, 
for example. 

[0016] A change in the best imaging position depending on the linewidth is attributable mainly to a remaining spher- 
ical aberration not corrected. A change in image point position or contrast depending on the image height is attributable 
to a change in sagittal and meridional Image planes at each image height, or to a change in astigmatism and comma. 

io A change in distortion or In image plane flatness between different illumination conditions results from a remaining dis- 
tortion amount or an aberration amount in a region upon a pupil plane, passed by'llght rays, under different Illumination 
conditions. The change In aberration such as described above becomes much notable if the shortening of exposure 
wavelength, the enlargement of numerical aperture and a wide exposure area are pursued more. 
[0017] There is another problem that. In the short wavelength region of a light source such as an excimer laser, a 

15 usable lens material is limited to silica (quartz) and fluorite. This is mainly because of a decreased transmission factor. 
In an optical system having many lenses and a large total glass thickness, the exposure amount upon a wafer becomes 
very small such that the throughput is lowered very much. Further, there may occur a shift of the focal point position or 
a change in aberration. 

[001 8] In order to meet enlargement of Integration of a semiconductor chip, further shortening of the wavelength of 
20 exposure tight as well as further enlargement of the numerical aperture of a projection optical system are desired. How- 
ever, it is very difficult to accomplish a required optical performance while suppressing enlargement in weight and thick- 
ness of the whole lens system and production of lens deformation due to the weight thereof. Currently, design 
optimization is made such that the refractive power of each lens group is made smaller and the number of lenses to be 
used is made larger, 

25 [0019] In the projection optical systems disclosed in Japanese Laid-Open Patent Applications, Latd-Open No. 
105861/1997. No. 48517/1998, and No. 79345/1998. all lenses are fomned with spherical surfaces. The number of 
lenses is 27 to 30. The numerical aperture (NA) is about 0.6. 

[0020] With such structure, however, if the NA is made larger, aberration correction becomes very difficult to 
accomplish as long as the same lens number is held. Alternatively, the total lens length has to be enlarged, and also 
30 the lens diameter has to be made larger Even if the lens number is made very large for correction of aberration, since 
there is substantially no space for addition of lenses, the thickness of each lens must be made small or. alternatively, 
the total lens length has to be made quite large. 

[0021] Any way, the lens deformation due to the weight thereof becomes notable, and the whole lens system 
becomes bulky. Moreover, if a light source of a short wavelength region is used, the transmission factor decreases due 
35 to large absorption by the lens material. In an optical system having lenses of a large number such as disclosed in these 
documents, the exposure amount upon a wafer decreases much more and the throughput is lowered considerably. Fur- 
ther, the shift of the focal point position or the change in aben^tion becomes large. 

[0022] The projection optical systems disclosed in Japanese Published Patent Application, Publteatlon 
No.48089/1 995 and Japanese Laid-Open Patent Application, Laid-Open No. 128592/1995, have a small numerical 

40 aperture (NA). Also, the exposure area is narrow. Because the power of a negative lens group used is small, the optical 
system is disadvantageous in respect to correction of the Petzval sum. If enlargement of the NA or expansion of the 
exposure region is attempted in this optk:al system, particularly the field curvature would be much worse. Further, since, 
in both cases, the projection optical system is not made telecentric on the object side, any curvature of a reticle would 
directly produce image distortion. 

45 [0023] In the projection optical system disclosed in Japanese Laid-Open Patent Application, Laid-Open No. 
1 79204/1 996, an aspherical surface is formed on the surface closest to the wafer side. However, no particular discus- 
sion is made in relation to the aspherical surface. As for the imaging performance, correction of distortion, field curva- 
ture and astigmatism is insuffrcient. There remain large aberrations such as distortion of 26.7 nm and 1 1 .7 nm as well 
as abaxial astigmatism of 1 .262 micron and 0.896 micron. 

so [0024] The projection optical system disclosed in Japanese Laid-Open Patent Application, Laid-Open No. 
34593/1 993 uses an aspherical surface, and the lens system Is provided by a smaller number of lenses to keep the lens 
transmission factor and for correction of aberrations. However, as regards the numerical aperture (NA) which largely 
contributes to the resolution, it is very small as 0.45. Also, the lens system has a very small exposure area of 10x10 to 
15x15. According to the disclosure, aspherical surfaces are introduced Into a negative second group and a positive 

55 fourth group, mainly for correction of spherical aberration. The power of the negative second group is enlarged while, 
on the other hand, an aspherical surface is added to the second group for correction of spherical aberration based on 
the balance with other positive lens groups. Also, an aspherical surface is introduced into a fourth group having a large 
axial light flux diameter, for correction of spherical aberation. 
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[0025] However, in this projection optical system, the height of axial marginal light ray of the second group is very 
low as compared with those of the third and fourth groups and, therefore, correcting the spherical aberration with the 
introduction of an aspherical surface is practically very difficult. The reason is that the third-order spherical aberration 
coefficient is proportional to the fourth power of the height "h" of axial marginal light ray. 

5 [0026] Also, the height of outermost abaxiai chief ray of the second group is very low, and the light goes just along 
the optical axis. Therefore, although the aspherical surface itself may function to conrect aberrations such as distortion, 
field curvature or astigmatism while keeping the telecentricity on the object side, the effect is small. The reason is that 
the third-order astigmatism coefficient or field curvature coefficient is proportional to the second power of the chief ray 
height, and the distortion coefficient is proportional to the third power of the chief ray height. 

10 [0027] According to this example, even If It is attempted to meet a larger numerical aperture (about 0.65) or enlarge- 
ment of the exposure region (0 is about 27.3 mm), since the power of the second group which bears most of the neg- 
ative power is made very small, the Petzval sum can not be corrected. As a result, field curvature and astigmatism 
become worse. Additionally, as the light flux on the object side becomes large with enlargement of the numerical aper- 
ture, since the positive first group and negative second group on the object side (which function mainly to correct the 

15 field curvature, distortion and telecentricity on the object side) are provided by only a single lens, respectively, the load 
for aberration correction to be borne by these lens groups becomes considerably heavy. Thus, it becomes very difficult 
to keep good imaging performance. 

[0028] The projection optical system disclosed in Japanese Laid-Open Patent Application, Laid-Open No. 
1 97791/1 998, provides a relatively wide exposure area and a relatively high resolution with use of a smaller number of 
20 tenses. While the exposure area is about 025 - 029, the numerical aperture is 0.48 - 0.50. However, this is still insuffi- 
cient. 

[0029] The projection optical system disclosed in Japanese Laid-Open Patent Application, Laid-Open No. 
1 54657/1 998, uses an aspherical surface. However, as stated, this aspherical surface is not designed to correct aber- 
rations to provide a projection optical system of particular specifications. Rather, it is designed to correct higher order 

25 aberrations resulting from an error in production or adjustment of the components of the projection optical system. 
[0030] Since the optical design Is made entirely on a spherical system, even if the manufacturing error can be cor- 
rected by the aspherical surface, a performance higher than the design performance of the spherical system is not be 
attainable thereby. In fact, the aspherical amount is very small. Therefore, it is very difficult to solve the above-described 
problem, in an attempt to meet a larger numerical aperture. 

30 [0031] The projection optical system disclosed in Japanese Laid-Open Patent Application, Laid-Open No. No. 
325922/1 998, comprises five lens groups, wherein one of first and second lens groups is provided with one aspherical 
surface, and one of fourth and fifth lens groups is provided with one aspherical surface. It is intended that, with a smaller 
number of lenses, mainly distortion and spherical aberration are corrected. 

[0032] In the embodiments disclosed therein, the numerical aperture Is 0.6. Moreover, no aspherical surface is 
35 used for the fourth lens group. While field curvature and astigmatism may be corrected well, there remain higher order 
components of "under" spherical aberration. Also, the distortion aberration is large as about 30 nm at the largest image 
height 

[0033] In this document, it is proposed to use an aspherical surface for a surface by which a large aberration cor- 
rection effect is attainable However, further details are not discussed any more. Therefore, aberrations may become 

40 worse if it is attempted to meet the numerical aperture enlargement. 

[0034] If use of additional lenses is attempted to expand the degree of freedom for correction, although there is a 
small space at the image plane side and the spherical aberration may be corrected, in the region of the first to third 
groups at the object side, there are lenses disposed tightly. Thus, no lens can be added there. It is difficult to correct 
field curvature, astigmatism and distortion, for example. If the lens thickness is made small and an additional lens is 

45 inserted, then, the lens deformation will occur due to the weight of the lens. 

[0035] The projection optical system disclosed in Japanese Laid-Open Patent Application, Laid-Open No. 
333030/1 998 uses aspherical surfaces and, according to the disclosure, it accomplishes NA of 0.63 - 0.75 and an expo- 
sure area of 027 - 30 mm, with a smaller number of lenses of about fifteen (15). According to the disclosure, the lens 
system comprises positive two groups, wherein a first group at a wafer side is a microscope objective lens and a second 

50 group at a reticle side is a Gaussian type lens, by which sagittal commas produced in these lens groups are cancelled 
with each other. At least one aspherical surface is introduced into the wafer side first group, and also an aspherical sur- 
face is introduced to a large-diameter surface of the second group, for correction of spherical aberration. 
[0036] However, the sagittal comma is not illustrated, and details of correction are unclear. According to simulations 
made by the inventors of the subject application, changes In sagittal halo due to the image height or meridional comma 

55 aberration (transverse aberration) are large. 

[0037] Further, while spherical aberration and astigmatism may be corrected, as regards the distortion aberration, 
there remain large higher order components. The largest values in the first to fourth embodiments disclosed are 12 nm, 
45 nm, 26 nm and 46 nm. As regards the telecentricity on the wafer side, in the first to fourth embodiments, changes in 
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Image height per a focal depth of 1 micron are 24 nm, 22 nm, 19 nm and 19 nm, 

[0038] Furthermore, since the distance from the wafer to the lens is very short as 1 1 - 12 mm, there is a large pos- 
sibility of mechanical interference with a mechanism such as an autofocusing unit. 

[0039] The projection exposure apparatus disclosed in Japanese Laid-Open Patent Application Laid-Open No 
6957/1999 provides a large NA (NA = 0.75 to 0.80) by use of aspherical surfaces. According to the disclosure at least 
one aspherical surface is formed in the fourth or fifth lens group, for correction of aberrations very influential to enlarge- 
ment of the NA, that is. sagittal comma aben^tion and higher order spherical aberration. 

[0040] In the embodiments disclosed therein, however, sagittal comma is not illustrated. The number of lenses is 
large as 27 to 29. The optical conjugate distance is very long as 1200 - 1500 mm. 

[0041] Therefore, If the light source has a wavelength in short wavelength region as an ArF exclmer laser for exam- 
ple, the exposure amount upon a wafer would be considerably lowered due to large absorption by the lens material and 
the throughput becomes very low. Further, the themnal absorption of the lens causes shift of the focal point position or 
a change in aberration. Moreover, because of the large NA and long lens conjugate distance, the lens diameter is large 
as 0284 - 400 mm. Lens defonmation due to the weight will be large. There is no space available, and thus suppressing 
15 the defonnation by reducing the lens conjugate distance or increasing the number of lenses is difficult to do. 

[0042] The lens number may be reduced by increasing the number of aspherical surfaces. However, in the first to 
fifth embodiments disclosed, while the number of aspherical surfaces used Is Increasing, all the lens system uses 
lenses of twenty-nine (29). Even in the fifth embodiment wherein a largest number of aspherical surfaces of six are 
used, there remains a sagittal image plane at the outemnost abaxial image height of -0.484 micron. Further, distortion 
2o aberration is 13.1 nm. and also there remains higher order spherical aberration. 

[0043] In the sixth and seventh embodiments disclosed, the distortion abemation is 33 nm and 58 nm. respectively. 
In the eighth and ninth embodiments, while the performance can not be confirmed due to insufficient data disclosure, 
the lens conjugate distance is extraordinarily large as 1500 mm. 

25 SUMMARY OF THE INVENTION 

[0044] It is an object of the present invention to provide a projection optical system and/or a projection exposure 
apparatus using the same, by which a larger numerical aperture and a wider exposure area can be well accomplished. 
[0045] In accordance with a first aspect of the present invention, there is provided a projection optical system, com- 
prising: a plurality of positive lens groups (units) having a positive refractive power; and at least one negative lens group 
(unit) having a negative refractive power; wherein, when L is a conjugate distance of said projection optical system and 
00 is the sum of powers of the or each negative lens group, a relation 



30 



35 



40 



45 



ILx0qI > 17 (00 = z:0Qj where 0^^ is the power of the i-th negative group) (i) 

is satisfied; wherein, when h is a height of an axial marginal light ray and h^ is a height of a most abaxial chief ray. at 
least two aspherical surfaces are fomied on surfaces which satisfy a relation 

lhj,/hl>0.35 (2) 

wherein, when AASPH is an aspherical amount of each aspherical surface, a relation 

lAASPH/LI > 1.0x10"® (3) 

is satisfied; and wherein said at least two aspherical surfaces include regions in which, from a central portion toward a 
peripheral portion of the surface, their local curvature powers change with mutually opposite signs. 
[0046] In a second aspect based on the first aspect, said at least two aspherical surfaces are formed on those sur- 
faces up to one, in an order from the object side, which satisfies a relation 

^ lhj,/hl>0.36 (2) 

[0047] In a third aspect based on the first or second aspect, at least one of said at least two aspherical surfaces is 
provided in a negative lens group and includes a region in which, from the central portion to the peripheral portion of 
the surface, the local curvature power thereof gradually increases in the negative direction or gradually decreases in the 
55 positive direction. 

[0048] In a fourth aspect based on the first to third aspects, the following relations 

ILx0ol<7O (la) 
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lhb/hl<15 (2a) 
lAASPH/U < 0.02 (3a) 

are satisfied. 

[0049] In accordance with a fifth aspect of the present invention, there is provided a projection optical system, com- 
prising: a plurality of positive lens groups having a positive refractive power; and at least one negative lens group having 
a negative refractive power; wherein, when L is a conjugate distance of said projection optical systenn and 0q is the sum 
of powers of the or each negative lens group, a relation 



ILx0ol>17 (1) 

is satisfied; wherein, when h is a height of an axial marginal light ray and h^ is a height of a most abaxial chief ray, at 
least one aspherical surface is formed on a surface in the negative lens group which satisfies a relation 

15 

Ih b/hl > 0.35 (2) 

wherein, when AASPH is an aspherical amount of the aspherical surface, a relation 

20 I AASPH/LI > 1.0x10"® (3) 

is satisfied; and wherein said at least one aspherical surface includes a region in which, from a central portion toward 
a peripheral portion of the surface, a local curvature power thereof increases in the negative direction or decreases in 
the positive direction. 

25 [0050] In a sixth aspect based on the fifth aspect, at least one aspherical surface is provided in a positive lens group 
and is formed upon one of the surfaces up to one, in an order from the object side, which satisfies a relation 

Ih b/hl > 0.35 (2) 

30 and wherein said at least one aspherical surface includes a region In which, from the central portion to the peripheral 
portion of the surface, the local curvature power thereof gradually increases in the positive direction or gradually 

decreases in the negativie direction. 

[0051] In a seventh aspect based on the fifth or sixth aspect, the following relations 
35 ILx0ol<7O (la) 

lhb/hl<15 (2a) 
lAASPH/LI < 0.02 (3a) 

40 

are satisfied. 

[0052] In accordance with an eighth aspect of the present invention, there is provided a projection optical system, 
comprising: three lens groups of a lens group having a positive refractive power, a lens group having a negative refrac- 
tive power, and a lens group having a positive refractive power, which are disposed in this order from the object side; 
45 wherein, when L is a conjugate distance of said projection optical system and Q>q is the power of said second negative 
refractive power lens group, a relation 

ILx0OI>17 (1) 

50 is satisfied; wherein, when h is a height of an axial marginal light ray and h^ is a height of a niost abaxial chief ray, at 
least two aspherical surfaces are formed on surfaces which satisfy a relation 

lht,/hl>0.35 (2) 

55 wherein, when AASPH is an aspherical amount of each aspherical surface, a relation 

I AASPH/LI > 1.0x10 ® (3) 
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is satisfied. 

[0053] In a ninth aspect based on the eighth aspect, said at least two aspherlcal surfaces include regions in which, 
from a central portion toward a peripheral portion of the surface, their local curvature powers change with mutually 
opposite signs. 

5 [0054] In a tenth aspect based on the eighth or ninth aspect, an aspherical surface is provided in the positive lens 
group closest to the object side, which aspherical surface includes a region in which, from the central portion to the 
peripheral portion of the surface, the local curvature power thereof gradually increases in the positive direction or grad- 
ually decreases in the negative direction. 

[0055] m an eleventh aspect based on the eighth to tenth aspects, an aspherical surface Is provided in the positive 
to lens group closest to the image plane side, which aspherical surface includes a region in which, from the central portion 
to the peripheral portion of the surface, the local curvature power thereof gradually increases In the negative direction 
or gradually decreases in the positive direction. 

[0056] In a twelfth aspect based on the eighth to eleventh aspects, a or each lens group disposed after, in an order 
from the object side to the image plane side, the sign of an abaxial chief ray height is reversed, has at least one aspher- 

15 ical surface formed thereon. 

[0057] In a thirteenth aspect based on the eighth to twelfth aspects, in the positive lens group disposed closest to 
the image plane side, a second lens thereof in an ordeir from the Image plane side comprises a negative lens having a 
concave surface facing to the image side, and a lens of that lens group, which lens is closest to the Image plane side, 
comprises a positive lens having a concave surface facing to the image plarie side, 

20 [0058] In a fourteenth aspect based on the eighth to thirteenth aspects, at least one aspherical lens with an aspher- 
ical surface has a plane surface formed on its side opposite to the aspherical surface thereof. 

[0059] In a fifteenth aspect based on the eighth to thirteenth aspects, each aspherical lens with an aspherical sur- 
face has a plane surface formed on its side opposite to the aspherical surface thereof. 

[0060] In a sixteenth aspect based on the eighth to thirteenth aspects, at least one aspherical lens provided in said 
25 projection optical system has two aspherical surfaces formed on the opposite sides thereof. 

[0061 ] In a seventeenth aspect based on the eighth to thirteenth aspects, each aspherical lens provided in said pro- 
jection optical.system has two aspherical surfaces formed on the opposite sides thereof. 
[0062] In an eighteenth aspect based on the eighth to seventeenth aspects, the following relations 



30 ILx0ol<7O (la) 

lhb/hl<15 (2a) 
lAASPH/LI < 0.02 (3a) 



35 



45 



SO 



are satisfied. 

[0063] In accordance with a nineteenth aspect of the present invention, there is provided a projection optical sys- 
tem, comprising: a first lens group LI having a positive refractive power, a second lens group L2 having a negative 
refractive power, a third lens group L3 having a positive refractive power, a fourth lens group L4 having a negative 
refractive power, and a fifth lens group L5 having a positive refractive power, which are disposed in this order from the 
object side; wherein, when h is a height of an axial marginal light ray and h^ is a height of a most abaxial chief ray, at 
least two aspherical surfaces are formed on surfaces which satisfy a relation 

lhb/hl>0.35 (1) 

wherein, when ASPH is a largest aspherical amount of each aspherical surface from an optical axis to a lens effective 
diameter and L is an object-to-innage distance, each aspherical surface satisfies a relation 



lAASPH/LI > 1.0x10"^ 



(2) 



wherein said aspherical surfaces include regions in which, from a central portion to a peripheral portion of the surface, 
their local curvature powers change with mutually opposite signs. 

[0064] In a twentieth aspect based on the nineteenth aspect, at least one of said at least two aspherical surfaces 
includes a region in which, from the central portion to the peripheral portion of the surface, the local curvature power 
55 thereof gradually increases in the negative direction. 

[0065] In a twenty-first aspect based on the eighteenth or nineteenth aspect, at least one of said at least two 
aspherical surfaces is provided in a lens group having a negative refractive power. 

[0066] In accordance with a twenty-second aspect of the present invention, there is provided a projection optical 



7 



BNSOOCID: <EP. 



.1061396A2J_> 



EP 1 061 396 A2 



»• • 

system, comprising: a first lens group LI having a positive refractive power, a second lens group L2 having a negative 
refractive power, a third lens group L3 having a positive refractive power, a fourth lens group L4 having a negative 
refractive power, and a fifth lens group L5 having a positive refractive power, which are disposed in this order from the 
object side; wherein, when h is a height of an axial marginal light ray and h^ is a height of a most abaxial chief ray, at 
5 least one aspherical surface is formed on a surface which satisfies a relation 

lhb/hl>0.35 (1) 

wherein, when AASPH is a largest aspherical amount of said aspherical surface from an optical axis to a lens effective 
10 diameter and L is an object-to-image distance, said aspherical surface satisfies a relation 

I AASPH/LI > 1.0X10*® (2) 

wherein said aspherical surface includes a region in which, from a central portion to a peripheral portion of the surface, 

15 a local curvature power thereof gradually increases in the negative direction. 

[0067] In a twenty-third aspect based on the nineteenth to twenty-second aspects, at least one aspherical lens pro- 
vided in said projection optical system has a plane surface formed on its side opposite to the aspherical surface thereof. 
[0068] In a twenty-fourth aspect based on the nineteenth to twenty-second aspects, each aspherical lens provided 
in said projection ojatical system has a plane surface formed on its side opposite to the aspherical surface thereof. 

20 [0069] In a twenty-fifth aspect based on the nineteenth to twenty-second aspects, at least one aspherical lens pro- 
vided in said projection optical system has aspherical surfaces formed on the opposite sides thereof. 
[0070] In a twenty-sixth aspect based on the nineteenth to twenty-second aspects, each aspherical lens provided 
in said projection optical system has aspherical surfaces formed on the opposite sides thereof. 
[0071] In a twenty-seventh aspect based on the nineteenth to twenty-second aspects, the following relations 

25 

lhb/hl<15 (2a) 
lAASPH/LI < 0.02 (3a) 

30 are satisfied. 

[0072] In a twenty-eighth aspect based on the nineteenth to twenty-seventh aspects, when L Is an object-to-image 
distance of said projection optical system and 0q is the sum of powers of the negative lens groups, a relation 

ILx0qI > 1 7 (00 = £0Qj where 0q^ is the power of the i-th negative group) (3) 

35 

is satisfied. 

[0073] In a twenty-ninth aspect based on the twenty-eighth aspect, a relation 

\Lx0q\ < 70 (la) 

40 

is satisfied. 

[0074] In accordance with a thirtieth aspect of the present invention, there is provided a projection optical system, 
comprising: a first lens group L1 having a positive refractive power, a second lens group L2 having a negative refractive 
power, a third lens group L3 having a positive refractive power, a fourth lens group L4 having a negative refractive 
45 power, a fifth lens group L6 having a positive refractive power, a sixth lens group having a negative refractive power, and 
a seventh lens group having a positive refractive power, which are disposed in this order from the object side; wherein 
one or more aspherical surfaces are formed in said projection optical system; and wherein, when AASPH is a largest 
aspherical amount of each aspherical surface from an optical axis to a lens effective diameter and L is an object-to- 
image distance, at least one aspherical surface satisfies a relation 

50 

I AASPH/LI > 1 .0x1 0 (3) 

[0075] In a thirty-first aspect based on the thirtieth aspect, at least one aspherical surface is provided between a 
first lens surface closest to the object side and a stop position. 
55 [0076] In a thirty-second aspect based on the thirtieth or thirty-first aspect, when h is a height of an axial marginal 
light ray and h^ is a height of a most abaxial chief ray, at least one aspherical surface Is formed on a surface which sat- 
isfies a relation 
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lhb/hl>0.35 (2) 

[0077] In a thirty-third aspect based on the thirty-second aspect, at least two aspherical surfaces are formed in said 
projection optical system. 

[0078] In a thirty-fourth aspect based on the thirtieth to thirty-third aspects, the aspherical surface is provided in a 
lens group having a negative refractive power, and at least one aspherical surface In the lens group of negative refrac- 
tive power includes a region in which, from a central portion to a peripheral portion of the surface, a local curvature 
power thereof gradually increases in the negative direction. 

[0079] In a thirty-fifth aspect based on the thirtieth to thirty-fourth aspects, at least two aspherical surfaces Include 
regions in which, from a central portion to a peripheral portion of the surface, their local curvature powers change with 
mutually opposite signs. 

[0080] In a thirty-sixth aspect based on the thirtieth to thirty-fifth aspects, at least one aspherical lens provided in 
said projection optical system has a plane surface formed on its side opposite to the aspherical surface thereof. 
[0081] In a thirty-seventy aspect based on the thirtieth to thirty-fifth aspects, each aspherical lens provided in said 
projection optical system has a plane surface fonned on Its side opposite to the aspherical surface thereof. 
[0082] In a thirty-eighth aspect based on the thirtieth to thirty^fifth aspects, at least one aspherical lens provided in 
said projection optical system has aspherical surfaces formed on the opposite sides thereof. 

[0083] In a thirty-ninth aspect based on the thirtieth to thirty-fifth aspects, each aspherical lens provided in said pro- 
jection optical system has aspherical surfaces formed on the opposite sides thereof. 

[0084] In a fortieth aspect based on the thirtieth to thirty-ninth aspects, when L is an object-to-image distance of 
said projection optical system and 0 is the sum of powers of the negative lens groups, a relation 

ILx0ol > 17 (00 = £001 where 0oj is the power of the i-th negative group) (1 ) 

is satisfied. 

[0085] In a forty-first aspect based on the thirtieth to fortieth aspects, a relation 

lAASPH/LI < 0.02 (3a) 

is satisfied. 

[0086] In a forty-second aspect based on the thirty-second to thirty-third aspects, a relation 

hb/h<15 (2a) 

is satisfied. 

[0087] In a forty-third aspect based on the fortieth aspect, a relation 

ILx0ol<7O (la) 

is satisfied. 

[0088] In accordance with a forty-fourth aspect of the present invention, there is provided a projection exposure 
apparatus for projecting a pattern of a first object, illuminated with light from a light source, onto a second object by use 
of a projection optical system as redted above. 

[0089] In accordance with a forty-fifth aspect of the present invention, there is provided a projection exposure appa- 
ratus for projecting a pattern of a first object, illuminated with light from a light source, onto a second object by use of a 
projection optical system as recited above, while scannlngly moving the first and second objects in a direction perpen- 
dicular to an optical axis of said projection optical system, in synchronism with each other and at a speed ratio corre- 
sponding to a projection magnification of said projection optical system. 

[0090] In accordance with a forty-sixth aspect of the present invention, there is provided a device manufacturing 
method, comprising the steps of: exposing a wafer to a device pattern of a reticle by use of a projection ^posure appa- 
ratus as recited above; and fabricating a device from the exposed wafer. 

[0091 ] These and other objects, features and advantages of the present invention will become more apparent upon 
a consideration of the following description of the preferred embodiments of the present invention taken In conjunction 
with the accompanying drawings. 
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. BRIEF DESCRIPTION OF THE DRAWINGS 



[0092] 

5 Figure 1 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, according 

to Numerical Example 1 of the present invention. 

Figure 2 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection optical 
system according to Numerical Example 1. 

Figure 3 illustrates aberrations of a projection optical system according to Numerical Example 1. 
10 Figure 4 is a lens sectional vievy of a projection optical system for use in a projection exposure apparatus, according 
to Numerical Example 2 of the present invention. 

Figure 5 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection optical 
system according to Numerical Example 2. 

Rgure 6 illustrates aberrations of a projection optical system according to Numerical Example 2. 
75 Figure 7 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, according 

to Numerical Example 3 of the present invention. 

Rgure 8 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection optical 
system according to Numerical Example 3. 

Figure 9 illustrates aberrations of a projection optical system according ttf Numerical Example 3. 
20 Figure 1 0 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 

ing to Numerical Example 4 of the present invention. 

Rgure 11 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 4. 

Rgure 12 illustrates aberrations of a projection optical system according to Numerical Example 4. 
25 Rgure 1 3 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 5 of the present invention. 

Figure 14 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Examples. 

Figure 15 illustrates aberrations of a projection optical system according to Numerical Example 5. 
30 Rgure 1 6 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 6 of the present invention. 

Rgure 1 7 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 6. 

Figure 1 8 illustrates aberrations of a projection optical system according to Numerical Example 6. 
35 Rgure 1 9 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 7 of the present invention. 

Rgure 20 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 7. 

Rgure 21 illustrates aberrations of a projection optical system according to Numerical Example 7. 
40 Figure 22 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 8 of the present invention. 

Figure 23 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 8. 

Rgure 24 illustrates aberrations of a projection optical system according to Numerical Example 8. 
45 Rgure 25 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 9 of the present invention. 

Rgure 26 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 9. 

Rgure 27 illustrates aberrations of a projection optical system according to Numerical Example 9. 
50 Figure 28 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 1 0 of the present invention. 

Figure 29 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 10. 

Rgure 30 illustrates aben^tions of a projection optical system according to Numerical Example 10. 
55 Rgure 31 Is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 1 1 of the present invention. 

Rgure 32 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 11. 
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Figure 33 illustrates aberrations of a projection optical system according to Numerical Example 11. 
Figure 34 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 12 of the present invention. 

Figure 35 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 12. 

Figure 36 illustrates aberrations of a projection optical system according to Numerical Example 12. 
Figure 37 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 1 3 of the present invention. 

Figure 38 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 13. 

Figure 39 illustrates abeaations of a projection optical system according to Numerical Example 13. 
Figure 40 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 14 of the present invention. 

Figure 41 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 14. 

Figure 42 illustrates aberrations of a projection optical system according to Numerical Example 14. 
Figure 43 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 15 of the present invention. 

Figure 44 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 15. 

Figure 45 illustrates aben-ations of a projection optical system according to Numerical Example 15. 
Figure 46 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 1 6 of the present Invention. 

Figure 47 Is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 16. 

Figure 48 illustrates aben-ations of a projection optical system according to Numerical Example 16. 
Figure 49 Is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 1 7 of the present invention. 

Figure 50 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 17. 

Figure 51 illustrates aberrations of a projection optical system according to Numerical Example 17. 

Figure 52 is a schematic view for explaining an optical function of a three-group system Into which the present 

invention is applied. 

Figure 53 is a schematic view for explaining an optical function of a five-group system into which the present inven- 
tion is applied. 

Figure 54 is a schematic view for explaining an optical function of a seven-group system into which the present 
invention is applied. 

Figure 55 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 1 8 of the present invention. 

Figure 56 is a graph for explaining changes In a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 18. 

Figure 57 illustrates aberrations of a projection optical system according to Numerical Example 18. 
Figure 58 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 1 9 of the present invention. 

Figure 59 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 19. 

Figure 60 illustrates aberrations of a projection optical system according to Numerical Example 19. 
Figure 61 is a lens sectional view of a projection optical system for use in a piojection exposure apparatus, accord- 
ing to Numerical Example 20 of the present invention. 

Figure 62 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 20. 

Figure 63 illustrates aberrations of a projection optical system according to Numerical Example 20. 
Figure 64 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 21 of the present Invention. 

Figure 65 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 21. 

Figure 66 illustrates aben-ations of a projection optical system according to Numerical Example 21. 

Figure 67 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
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ing to Numerical Example 22 of the present invention. 

Rgure 68 Is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 22. 

Figure 69 illustrates aberrations of a projection optical system according to Numerical Example 22. 
5 Rgure 70 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 

ing to Numerical Example 23 of the present Invention. 

Rgure 71 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 23. 

Rgure 72 illustrates aberrations of a projection optical system according to Numerical Example 23. 
10 Rgure 73 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 24 of the present invention. 

Rgure 74 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 24. 

Rgure 75 illustrates aberrations of a projection optical system according to Numerical Example 24. 
75 Rgure 76 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 25 of the present invention. 

Rgure 77 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 25. 

Rgure 78 illustrates aberrations of a projection optical system according to Numerical Example 25. 
20 Figure 79 is a lens sectional view of a projection optical system for use In a projection exposure apparatus, accord- 
ing to Numerical Example 26 of the present Invention. 

Rgure 80 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 26. 

Rgure 81 illustrates aberrations of a projection optical system according to Numerical Example 26. 
25 Figure 82 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 27 of the present Invention. 

Rgure 83 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 27. 

Rgure 84 illustrates aberrations of a projection optical system according to Numerical Example 27. 
30 Rgure 85 is a lens sectional view of a projection optical system for use in a projection exposure apparatus, accord- 
ing to Numerical Example 28 of the present invention. 

Rgure 86 is a graph for explaining changes in a local curvature power of an aspherical surface of a projection opti- 
cal system according to Numerical Example 28. 

Rgure 87 illustrates aberrations of a projection optical system according to Numerical Example 28. 
35 Figure 88 is a schematic view of an aspherical surface processing system usable in the present invention. 

Rgure 89 is a block diagram of a main portion of a semiconductor device manufacturing system according to an 
embodiment of the present invention. 

Figure 90 is a flow chart of semiconductor device manufacturing processes. 

Figure 91 is a flow chart for explaining details of a wafer process in the procedure of the flow chart of Rgure 90. 

40 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0093] Preferred embodiments of the present invention will now be described with reference to the accompanying 

drawings. 

45 [0094] In these lens sectional views, a reference character PL denotes a projection optical system, and a reference 
character Gi denotes the i-th lens group (i-th group) of the projection optical system, in an order from the object side 
(conjugate side of longer distance). 

[0095] Denoted at IP is an image plane which corresponds to a wafer surface, when the projection optical system 
is used in a projection exposure apparatus. In the lens groups Gi, those lens groups having an odd number assigned 
50 for "i" are lens groups having a positive refractive power, while those lens groups having an even number assigned for 
"i" are lens groups having a negative refractive power. 

[0096] Also those lens surfaces with a small circle added thereto are aspherical surfaces. 

[0097] In each of Numerical Examples 1 - 6 and 1 8 and 1 9 shown in the lens sectional views of Figures 1 , 4, 7, 1 0 
and 13 and Rgures 55 and 56, respectively, the projection optical system comprises three lens groups or lens units 
55 (three-group type) which have positive, negative, and positive refractive powers, respectively, in an order from the object 
side. 

[0098] In each of Numerical Examples 6-11 and 20 - 24 shown in the lens sectional view of Figures 1 6. 1 9, 22, 25, 
28 and 31 and Figures 61, 64, 67, 70 and 73, respectively, the projection optical system comprises five lens groups or 
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lens units (five-group type) which have positive, negative, positive, negative, and positive refractive powers, respec- 
tively, in an order from the object side, 

[0099] In each of Numerical Examples 12 - 17 and 25 - 28 shown in the lens sectional view of Figures 34, 37, 40, 
43. 47 and 50 and Figures 76. 79, 82 and 85, respectively, the projection optical system comprises seven lens groups 
5 or lens units (seven-group type) which have positive, negative, positive, negative, positive, negative, and positive refrac- 
tive powers, respectively, In an order from the object side. 

[0100] In these numerical examples, while appropriate power sharing is made through the whole lens system, 
aspherical surfaces are introduced to appropriate lens faces, by which a good optical performance is accomplished. 
[0101] Projection optical systems according to the present invention provide a large numerical aperture and a wide 
10 exposure area. 

[0102] To this end, the optical system as a whole comprises a plurality of lens groups including a lens group having 
a positive refractive power and a lens group having a negative refractive power, wherein the power sharing (refractive 
power sharing) is set appropriately. 

[0103] In one preferred form of the present invention, for appropriate setting of power sharing, the condition as 
15 defined by equation (1) is set in regard to the product of the conjugate distance L of the lens system and the sum 0 of 
powers of negative lens group or groups. Generally, if the conjugate distance (object-to-image distance) L becomes 
longer, the total power 0 of the negiative lens groups becomes smaller. If on the other hand the conjugate distance 
becomes shorter, the total power 0 of the negative lens groups becomes larger. 

[0104] In one preferred form of the present invention, the product of the conjugate distance and the total power is 
20 set to be not less than 1 7. The total power of the negative refractive power lens group is therefore made larger, mainly 
for satisfactory correction of the curvature of image field and the astigmatism. If the lower limit of the condition of equa- 
tion (1) is exceeded, the Petzval sum increases in the positive direction, such that satisfactory connection of the curva- 
ture of image field or astigmatism becomes difficult to accomplish. 

[0105] The condition of equation (2) defines an appropriate surface for introduction of an aspherical surface, based 
25 on satisfaction of the condition (1 ). In conventional reduction projection optical systems, it is very difficult to satisfactorily 
correct distortion, curvature of image field, and astigmatism as well as transverse aberrations of meridional and sagittal, 
while maintaining the telecentricity. 

[0106] This is because of the following reason. The telecentricity, distortion, curvature of image field, and astigma- 
tism are all aberration amounts related to a principal ray passing through the center of a light flux. Although these aber- 
30 rations depend on the placement and shape of lenses on the object side where, in the lens system as a whole, the 
height of the principal ray is high, practically it is very difficult to maintain, on one hand, the telecentricity with respect to 
principal rays from every object points on the object and, on the other hand, to refract the same principal ray so as to 
correct the distortion, the curvature of image field and the astigmatism. 

[01 07] Further, since on a lens surface those rays below the meridional are refracted at a height still higher than the 
35 principal ray, It is difficult to balance the meridional transverse aberration and aberration concerning these principal 
rays. Simultaneously, in order to correct the curvature of image field which has a tendency that it is "under" with higher 
image height, usually a concave lens is used to refract the light strongly. Then, however, the peripheral portion (sagittal 
halo) of the sagittal transverse aben^tlon at high Image heights further changes "over". Thus, it is difficult to balance 
them satisfactorily. 

40 [0108] Enlarging the numerical aperture and widening the exposure area under these situations directly lead to fur- 
ther enlargement of the object side light flux and image height, and it amplifies the difficulties in aberration correction. 
[0109] In one preferred form of the present invention, in consideration of the above, the condition of equation (2) is 
satisfied and an aspherical surface is formed on such surface having a large influence to abaxial principal rays, thereby 
to concentratedly and effectively correct the above-described aberrations to be improved. This effectively reduces the 

45 load for correction of other aberrations, and accomplishes a good optical performance. 

[0110] If the lower limit of the condition of equation (2) is exceeded, the influence to axial marginal light rays 
increases, rather than to the abaxial principal rays, and therefore, the effect of correcting the aberrations to be improved 
diminishes. Thus, it becomes difficult to attain an enlarged numerical aperture and a wider exposure area. 
[0111] For better understanding of the present invention, an optical function of a projection optical system when an 

so aspherical surface is introduced thereto will now be described. Rgures 52, 53 and 54 are schematic views, respectively, 
of power arrangement in examples wherein the whole lens system comprises three lens groups, five lens groups and 
seven lens groups, respectively. 

[0112] Denoted in these drawings at R is a reticle as an object, and denoted at W is a wafer as an image plane. 
Solid lines depict axial marginal light rays and the surface height thereof is denoted by h. Broken lines depict most abax- 
55 ial chief rays and the surface height thereof Is denoted by hb- The optical system is bi-telecentric. both on the object side 
and the image side. 

[0113] In the reduction projection systems shown in Figures 52, 53 and 54. the object side numerical aperture cor- 
responds to the product of the projection magnification and the image side numerical aperture (the terni "numerical 
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aperture" referred to in this specification means the Image side numerical aperture). Therefore, the axial marginal light 
is small at the object side and it is large at the image side. 

[0114] For this reason, the height h is small at the object side, and it is large at the image side. To the contrary, 
because of the projection magnification, the height h^ of the most abaxial chief ray is high at the object side, and it is 
5 low at the image side. 

[0115] Generally, at a surface where third order aberrations are large, there exist large higher-order aben-ations. 
Thus, it is necessary for better aberration correction that an absolute value of the third order aben^tion coefficient at 
each surface is made small and that the value as a whole is made small. The distortion aberration coefficient is influen- 
tial with the third power of h^ and the first power of ^, and the curvature of field and astigmatism coefficients are influ- 

10 ential with the second power of h^ and second power of h. The comma abenation coefficient is influential with the first 
power of hbi and third power of h, and the spherical aberration coefficient is influential with the fourth power of h. 
[0116] In Rgure 52. the heights h and hb that satisfy condition (2) are from the object surface to the lens groups G1 
and G2. Thus, introducing at least one aspherical surface into the group G1 or G2 is a condition for better optical per- 
formance. When an aspherical surface is introduced into the lens group 31 , the height hb becomes highest and, there- 

75 fore, it is very effective to control the distortion aberration coefficient. 

[0117] Introducing an aspherical surface into the lens group G2 having a negative refractive power is effective to 
control mainly the field curvature and astigmatism aberration coefficients. Since however it is in a cancelling relation 
with the lens group G1 having a positive refractive power, the distortion aberration coefficient can also be controlled 
effectively. 

20 [0118] Generally, at a surface having a large height h, using an aspherical surface contributes the spherical aber- 
ration coefficient or the comma aberration coefficient. Therefore, introducing an aspherical surface to the lens group G3 
having a positive refractive power is effective for correction of spherical aberration or comma aberration. 
[0119] Also in Rgure 53, while condition (2) is satisfied between the object surface to the lens groups G1 and G2, 
since there are two lens groups of negative refractive power, it is advantageous In respect to correction of the Petzval 

25 sum (because the necessity of refracting light rays at a low positions so as to enlarge the power of the negative lens 
group is diminished). Further, the spacing between the lens groups Gl and G2 is made small. Therefore, the value of 
condition (2) in the group G2 is large as compared with the three-group type of Rgure 52. 

[0120] Thus, while introducing at least one aspherical surface into lens group Gl or G2 is a condition for better opti- 
cal performance, the aberration correcting ability is larger than that of the three-group type lens system of Rgure 52. 
30 The controllability of aberration coefficients in the lens groups Gl and G2 is similar to that of the three-group type lens 

system of Figure 52. 

[0121] Here, because there are two negative lens groups included, correction of field curvature or astigmatism is 
easier than with the three-group type lens system of Figure 52. The load for aberration correction applied to the lens 
group G2 is smaller. As an alternative, aspherical surfaces may be introduced into lens groups G3, G4 and G5 of large 

35 height h, for correction of spherical abe nation or comma aberration. 

[0122] In Figure 54, condition (2) can be satisfied between the object surface and the lens groups Gl. G2, G3 and 
G4. As compared with the three-group type lens system of Figure 52 and the five-group type lens system of Figure 53. 
the most abaxial chief ray can easily keep a high position relative to the axial marginal light ray This is because there 
are three negative lens groups included which is advantageous to correction of Petzval sum. and because the spacings 

40 among the lens groups Gl . G2, G3 and G4 are made small. 

[0123] Thus, an aspherical surface can be introduced more effectively, and better optical performance can be 
accomplished. 

[0124] Particularly, by introducing an aspherical surface to the lens group Gl or G2 showing a large value with 
respect to condition (2), distortion aberration, curvature of field and astigmatism can be corrected successfully. As 
45 regards lens groups G3 and G4, they are suitable mainly for con-ection of comma aberration and sagittal transverse 
aberration. 

[0125] Using an aspherical surface in the lens group G5, G6 or G7 having large h is effective to correct spherical 
aberration or comma aberration. 

[0126] While the optical function in relation to introduction of an aspherical surface has been described above, for 
50 more effective introduction of an aspherical surface in obtaining better imaging performance, the condition of equation 
(3) should preferably be satisfied. 

[0127] Equation (3) defines a condition for the aspherical amount. If the lower limit of condition (3) is exceeded, the 
effect of aspherical surface does not function well even though the aspherical surface is used in design to obtain a good 
imaging perfomnance. 

55 [0128] For example, if the conjugate distance is 1000 mm and the wavelength used is 193 nm, from equation (2). 
AASPH is equal to 0.001 mm which corresponds to about ten Newton's rings. This is a sufficiently large value as an 
aspherical surface to be used in a projection optical system. Further, for more effective use of an aspherical surface, 
the following relation may be satisfied 
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to enlarge the aspherlcal amount. 

[0129] The present invention enables effective introduction of an aspherical surface. However, there is a limit to 
apply a desired change in refractive power for aberration correction, by using a single aspherical surface to plural light 
beams from an object. Thus, preferably, at least two aspherical surfaces satisfying the above-described condition may 
be used, to share the abenation correcting function. A better result is attainable with this. 

[0130] Further, conditions as defined by equations (la). (2a) and (3a) mentioned above may preferably be satisfied, 
for much better correction of abenations. 

[0131] If the upper limit of the condition of equation (1 a) is exceeded, the power of a negative lens group or groups 
having a negative refractive power becomes too strong. Therefore, the Petzval sum is over-corrected, and It becomes 
difficult to mainly correct the curvature of image field and astigmatism, satisfactorily. 

[0132] Further, the lens diameter of a positive lens group having a positive refractive power becomes larger, or the 
number of lenses increases. 

[0133] If the upper limit of the condition of equation (2a) is exceeded, lenses become too close to the object plane 
and the worlcing distance can not be l<ept. If the magnification of the projection optical system is extraordinarily small, 
the working distance may be kept even though the condition is exceeded. However, an optical system having such a 
extraordinarily small magnification is not practical for use in lithography. 

[0134] When the upper limit of the condition of equation (3a) is exceeded, the aspherical amount becomes too 
large, causing a large increase in the time necessary for lens machining. Further, higher order aberrations produced at 
the aspherical surface become strong, which makes the satisfactory correction of aberration very difficult. 
[0135] Further, in relation to the change in curvature of an aspherical surface, the effect of using an aspherical sur- 
face can be enhanced significantly when at least one of the following conditions is satisfied. 

(a1 ) There should be at least two aspherical surfaces having regions in which, from a central portion to a peripheral 
portion of the surface, their local curvature powers change with mutually opposite signs. 

(a2) At le^st one aspherical surface provided in a negative lens group should include a region in which, from a cen- 
tral portion to a peripheral portion of the surface, the local curvature power thereof gradually increases in the neg- 
ative direction, or gradually decreases in the positive direction. 

(aS) At least one aspherical surface among the aspherical surfaces of (a1 ) and (a2) and provided in a positive lens 
group, should include a region in which, from a central portion to a peripheral portion of the surface, the local cur- 
vature power thereof gradually increases in the positive direction, or gradually decreases in the negative direction. 

[0136] As regards correction of aberration by use of an aspherical surface, generally, an aspherical surface is intro- 
35 duced to a certain lens surface so as to reduce production of aberration at that surface (i.e., auxiliary introduction). An 
example is that, in a case of a convex single lens, since the spherical aberration is "under", an aspherical surface whose 
curvature becomes smaller in the peripheral portion is used to correct the spherical aberration. 
[0137] In the present Invention, as compared therewith, while reducing the number of lenses is aimed at on one 
hand, aspherical surfaces are introduced so as to cancel aberration in combination with other surfaces, to thereby 
40 accomplish good performance as well (i.e., positive introduction). By doing so, aberrations are corrected successfully. 
[0138] More specifically, by satisfying the condition (a1), a relation of cancelling two aspherical surface powers is 
defined. By this, it is assured that a change in refractive power applied to an arbitrary light from an object produces a 
refractive power change with which plural aberrations can be minimized simultaneously, which are not attainable with 
use of only spherical surfaces or a lens having only one aspherical surface. 
45 [0139] Higher order aberrations which can not be easily corrected, such as distortion, curvature of field, astigma- 
tism, sagittal transverse aberration or meridional transverse aben^tion, in higher order regions, for example, can be well 
corrected by the function of the condition (a1) above. 

[0140] Particularly, two aspherical surfaces are so distributed that one aspherical surface is provided iri the first lens 
group G1 while another aspherical surface is provided in the second lens group G2, the telecentricity. distortion aber- 

so ration, field of curvature can be corrected very well. 

[0141] When both of the two aspherical surfaces are introduced into the second lens group G2. curvature of field, 
meridional and sag'rttal transverse aberrations, and distortion abenration can be con-ected very well. 
[0142] When two aspherical surfaces are introduced into the third lens group G3 and fourth lens group G4 of a 
seven-group type lens system of Figure 54, sagittal transverse aben-ation and comma aberration can be corrected very 

55 well. 

[0143] Further, satisfying the condition (a2) is particularly effective for correction of curvature of field and meridional 
and sagittal transverse aberrations. 

[0144] This is because, if the Petzval sum is well corrected, it is still difficult to con-ect sagittal field curvature having 
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a tendency of "under" and. therefore, as described, it is difficult to balance it with the meridional or sagittal transverse 
aben^tions. In the present invention, by satisfying the condition {a2), particularly the power In the negative refractive 
power direction is made large to thereby correct the "under" portion of the field curvature toward the "over" side. This 
provides an additional advantage that the degree of freedom for correction of aberrations at surfaces other than the 
5 aspherical surface can be expanded significantly, such that meridional or sagittal transverse aberrations and distortion 
aberrations, for example, can be corrected very well. 

[0145] As an important feature, satisfying the condition (a3) is particularly effective for correction of the object-side 
telecentricity and higher order distortion aberrations. 

[0146] More specifically, in the present Invention, the condition of equation (1) for making the power of a negative 
10 lens group large, enables correction of astigmatism or curvature of image field which relates to the Petzval sum. How- 
ever, it influences the balance of telecentricity on the object side because of higher order negative powers, and higher 
order "under" distortion aberration is produced. When the condition (aS) is satisfied, the object-side telecentricity is well 
accomplished again. Simultaneously, an "over" distortion aberration in an opposite direction is produced to cancel it. 
Thus, the correction can be done well. 
15 [0147] In addition, if plural aspherical surfaces are introduced, aberration correction can be done more successfully 
over the whole system. The spherical aberration and comma aben-ation can be corrected satisfactorily when aspherical 
surfaces are introduced into a lens group having a large axial marginal light ray height, that is, the third lens group G3 
of Figure 52, the third, fourth and fifth lens groups G3, G4 and G5 of Figure 53, the fifth, sixth, and seventh lens groups 
G5, G8 and G7 of Figure 54. wherein each aspherical surface includes a region In which, from a central portion to a 
20 peripheral portion of the surface, the local curvature power thereof gradually increases in the negative direction (or 
decreases in the positive direction). 

[0148] As described, in accordance with the present invention, the power sharing is set appropriately and an 
aspherical surface is provided at a suitable position. Also, an appropriate aspherical amount Is set thereto, and the 
aspherical surface shape is determined to satisfy a predetermined condition or conditions. With this arrangement, dis- 
25 tortion aberration, curvature of filed, astigmatism, comma aberration and spherical aberration, for example, are well cor- 
rected while maintaining the dual-telecentricity. Thus, a projection optical system having a better optical perfomnance is 
accomplished. 

[0149] In a three-group type lens system, the effect of using an aspherical surface can be enhanced significantly 
when at least one of the following conditions is satisfied. 

30 

(b1 ) There should be at least two aspherical surfaces having regions in which, from a central portion to a peripheral 
portion of the surface, their local curvature powers change with mutually opposite signs. 

(b2) At least one of aspherical surfaces provided in a positive lens group G1 which is closest to the object side, 
should include a region in which, from a central portion to a peripheral portion of the surface, the local curvature 

35 power thereof gradually increases in the positive direction, or gradually decreases in the negative direction. 

(b3) At least one of aspherical surfaces provided in a positive lens group G3 which is closest to the image plane 
side, should include a region in which, from a central portion to a peripheral portion of the surface, the local curva- 
ture power thereof gradually Increases in the negative direction, or gradually decreases in the positive direction. 
(b4) A lens which is disposed after, in an order from the object side to the Image plane side, the sign of the abaxial 

^0 chief ray height is reversed, should have at least one aspherical surface. 

[0150] As regards correction of aberration by use of an aspherical surface, generally, an aspherical surface is intro- 
duced to a certain lens surfiace so as to reduce production of aberration at that surface (i.e., auxiliary Introduction). An 
example Is that, in a case of a convex single lens, since the spherical aberration is "under", an aspherical surface whose 

45 curvature becomes smaller in the peripheral portion is used to correct the spherical aberration. 

[0151] In one preferred fomn of the present invention, as compared therewith, a three-group lens structure is basi- 
cally used and, while reducing the number of lenses is aimed at on one hand, aspherical surfaces are introduced so as 
to cancel aberration In combination with other surfaces, to thereby accomplish good performance as well (i.e., positive 
introduction). By doing so, aberrations are corrected successfully. 

50 [0152] More specifically, by satisfying the condition (b1 ) in the lens groups G1 and G2, a relation of cancelling two 
aspherical surface powers is defined. By this, it is assured that a change in refractive power applied to an arbitrary light 
from an object produces a refractive power change with which plural abenBtions can be minimized simultaneously, 
which are not attainable with use of only spherical surfaces or a lens having only one aspherical surface. 
[0153] Higher order aberrations which can not be easily corrected, such as distortion, curvature of field, astigma- 

55 tism, sagittal transverse aben-ation or meridional transverse aberration, In higher order regions, for example, can be well 
con-ected by the function of the condition (bl) above. 

[0154] Satisfying the condition (b2) above is particularly effective for correction of the object-side telecentricity and 
higher order distortion aberrations. 
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[0155] More specifically, in the present invention, the condition of equation (1 ) for making the power of a negative 
lens group G2 large, enables con-ection of astignnatism or curvature of image field which relates to the Petzval sum. 
However, it influences the balance of telecentricity on the object side because of higher order negative powers, and 
higher order "under* distortion aben^tion Is produced. When the condition (b2) is satisfied, the object-side telecentricity 
5 is well accomplished again. Simultaneously, an "over distortion aberration in an opposite direction is produced to can- 
cel It. Thus, the correction can be done well. 

[0156] Further, satisfying condition (b3) is effective to mainly con-ect spherical aberration. This is because, in the 
positive third lens group G3 which bears the imaging function, "under" spherical abenBtion is produced. By satisfying 
condition (b3), "oyer" spherical aben'ation is positively produced by which the aben^ation correction is done successfully. 

10 [0157] Satisfying condition (b4) is effective to mainly correct comma aberration and lower order distortion aberra- 
tion. Across a stop, the sign of the height hb of the chief ray is reversed. Before the stop (i.e.. object side), use of an 
aspherical surface is effective for correction of lower light rays of the abaxial light, whereas, after the step (image side), 
it is effective for correction of upper light rays. Thus, an aspherical surface is introduced Into a lens after the stop, to 
thereby correct comma* aberration satisfactorily. 

15 [0158] Additionally, in a reduction projection system, lenses at the image side has a relatively large lens diameter 
for the sake of the numerical aperture, whereas it has a small image height. Thus, by using an aspherical surface, lower 
order distortion aberration is corrected. 

[0159] The face of a aspherical surface lens opposite to its aspherical surface side may be a flat surface. This facil- 
itates lens axial alignment during lens production, assembling and adjustment, and provides an advantage in respect 
20 to easy manufacture. 

[0160] The face of a aspherical surface lens opposite to its aspherical surface side may be an aspherical surface. 
This expands the degree of freedom for aberration correction. Further, when the curvature change in these aspherical 
surfaces is set in the same direction, the influence of any eccentricity of the aspherical surface lens can be reduced. 
[0161] As described, in a three-group type lens system according to one preferred fonm of the present invention. 

25 the power sharing is set appropriately in a lens structure having a smaller number of lenses, and an aspherical surface 
is provided at a suitable position. Also, an appropriate aspherical amount is set thereto, and the aspherical surface 
shape is determined to satisfy a predetermined condition or conditions. With this arrangement, distortion aberration, 
curvature of filed, astigmatism, comma aberration and spherical aberration, for example, are well corrected whife main- 
taining the dual-telecentricity. Thus, a projection optical system having a better optical perfomnance is accomplished. 

3o [0162] A five-group type lens system shown in the lens sectional view of Figure 53 comprises, in an order from the 
object side, a first lens group Gl having a positive refractive power, a second lens group G2 having a negative refractive 
power, a third lens group G3 having a positive refractive power, a fourth lens group G4 having a negative refractive 
power, and a fifth lens group G5 having a positive refractive power An aspherical surface jr surfaces are applied to suit- 
able surfaces, by which good optical perfomiance is provided. A stop is disposed between the fourth and fifth lens 

35 groups G4 and G5, or adjacent the fourth or fifth lens group G4 or G5. 

[0163] Particularly, the whole lens system includes two negative lens groups, by which a strong negative refractive 
power required is distributed in the optical system. With this anangement. the curvature of field can be corrected effec- 
tively and, also, an optical system having a short total length is accomplished. 

[0164] Where five lens groups having positive and negative refractive powers are disposed alternately, if a larger 
40 numerical aperture and a higher resolution are attempted while all the lenses are fomned with spherical surfaces, it inev- 
itably results in an increase in the number of lenses used. 

[0165] Thus, in the refractive power structure of the optical system shown in Figure 53, and in order to accomplish 
an optical system having a large numerical aperture and including a smaller number of lenses and being well aberration 
corrected, at least one aspherical surface is introduced Into the optical system. 

45 [0166] More specifically, in one preferred from of the present invention, a projection optical system of five-group 
type lens system, for projecting an image of an object upon an image plane, comprises, in an order from the object side, 
a first lens group G1 having a positive refractive power, a second lens group G2 having a negative refractive power, a 
third lens group G3 having a positive refractive power, a fourth lens group G4 having a negative refractive power, and a 
fifth lens group G5 having a positive refractive power, wherein, when h is a height of an axial marginal light ray and h^ 

so Is a height of a most abaxial chief ray, at least one aspherical surface is formed on a surface which satisfies a relation 

Ih^/hl > 0.35 (2) 

wherein, when MSPH is a largest aspherical amount of the aspherical surface from an optical axis to a lens effective 
55 diameter and L is an object-to-image distance, the aspherical surface satisfies a relation 

IAASPHA.I > 1.0x10"^ (3) 
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[0167] The condition of equation (2) defines an appropriate surface for introduction of an aspherical surface. In con- 
ventional reduction projection optical systems, it is very difficult to satisfactorily correct distortion, curvature of Image 
field, and astigmatism as well as transverse aberrations of meridional and sagittal, while maintaining the telecentricity. 
[0168] This is because of the following reason. The teleGentricity, distortion, curvature of image field, and astigma- 

5 tism are all aberration amounts related to a principal ray passing through the center of a light flux. Although these aber- 
rations depend on the placement and shape of lenses on the object side where, in the lens system as a whole, the 
height of the principal ray is high, practically it is very difficult to maintain, on one hand, the telecentricity with respect to 
principal rays from every object points on the object and, on the other hand, to refract the same principal ray so as to 
correct the distortion, the curvature of Image field and the astigmatism. 

10 [0169] Further, since on a lens surface those rays below the meridional are refracted at a height still higherthan the 
principal ray, it is difficult to balance the meridional transverse aberration and aberration concerning these principal 
rays. Simultaneously, in order to correct the curvature of image field which has a tendency that it is "under" with higher 
image height, usually a concave lens is used to refract the light strongly. Then, however, the peripheral portion (sagittal 
halo) of the sagittal transverse aberration at high image heights further changes "over". Thus, it is difficult to balance 

75 them satisfactorily. 

[0170] Enlarging the numerical aperture and widening the exposure area under these situations directly lead to fur- 
ther enlargement of the object side light flux and image height, and it amplifies the difficulties in aberration correction. 
[0171] In a five-group type lens system according to one preferred form of the present invention, in consideration of 
the above, the condition of equation (2) is satisfied and an aspherical surface is formed on such surface having a large 
20 influence to abaxial principal rays, thereby to concentratedly and effectively correct the above -described aberrations to 
be improved. This effectively reduces the load for correction of other aberrations, and accomplishes a good optical per- 
formance. 

[0172] If the lower limit of the condition of equation (2) is exceeded, the influence to axial marginal light rays 
increases, rather than to the abaxial principal rays, and therefore, the effect of correcting the aberrations to be improved 

25 diminishes. Thus, it becomes difficult to attain an enlarged numerical aperture and a wider exposure area. 

[0173] In Figure 53, the condition of equation (2) is satisfied In a range from the object surface up to the lens groups 
G1, G2 and G3. Thus, at least one aspherical surface may be introduced to a surface in the range of lens groups G1, 
G2 and G3, satisfying the equation (2), by which better optical performance can be accomplished. 
[0174] Particularly, if an aspherical surface is introduced into the lens group G1 , since the height h^ becomes high- 

30 est, It is very effective to control the distortion aberration coefficient. 

[0175] Introducing an aspherical surface into the negative second lens group G2 is effective to control mainly the 
field curvature and astigmatism aberration coefficients. Since however it is in a cancelling relation with the first lens 
group G1 having a positive refractive power, the distortion aberration coefficient can also be controlled effectively. 
[0176] The third lens group G3 has a large height h, and using an aspherical surface contributes the spherical aber- 

35 ration coefficient or the comma abenBtion coefficient. Therefore, introducing an aspherical surface there is effective for 
correction of spherical aberration or comma abennation. 

[0177] While the optical function in relation to introduction of an aspherical surface has been described above, in 
order to obtain much better imaging performance as a result of introduction of an aspherical surface, the condition as 
defined by equation (3) should preferably be satisfied. 
40 [0178] Equation (3) defines a condition concerning the aspherical amount. If the lower limit of condition (3) is 
exceeded, the effect of aspherical surface does not function well even though the aspherical surface is used in design 
to obtain a good imaging performance. 

[0179] For example, if the conjugate distance is 1000 mm and the wavelength used is 193 nm, from equation (2), 
AASPH is equal to 0.001 mm which con-esponds to about ten Newton's rings. This is a sufficiently large value as an 
45 aspherical surface to be used in a projection optical system. 

[0180] Further, for more effective use of an aspherical surface, at least one aspherical surface which satisfies the 
following relation may preferably be used: 

lAASPH/LI > 1x10"^ {3b) 

50 

[0181] Further, in one preferred form of the present invention, when L is an object-to-image distance of said projec- 
tion optical system and 0o is the sum of powers of the negative lens groups, the following relation is preferably satisfied: 

ILx0ol > 17 

55 

[0182] Generally, if the conjugate distance {object-to-image distance) L becomes longer, the total power 0 
becomes smaller. If on the other hand the conjugate distance becomes shorter, the total power 0 becomes larger. 
[0183] In one preferred form of the present invention, the product of the conjugate distance and the total power is 
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set to be not less than 17. The total power of the negative refractive power lens group is therefore made larger, mainly 
for satisfactory correction of the curvature of image field and the astignnatism. If the lower limit of this condition Is 
exceeded, the Petzval sum increases in the positive direction, such that satisfactory correction of the curvature of image 
field or astigmatism becomes difficult to accomplish. 

5 [0184] Further, conditions as defined by equations (la), (2a) and (3a) may preferably be satisfied, for better correc- 
tion of aberrations. 

[0185] If the upper limit of the condition of equation (2a) is exceeded, lenses become too close to the object plane 
and the working distance can not be kept. If the magnification of the projection optical system is extraordinarily small, 
the working distance may be kept even though the condition is exceeded. However, an optical system having such a 

10 extraordinarily small magnification is not practical for use in lithography 

[0186] When the upper limit of the condition of equation (3a) is exceeded, the aspherical amount becomes too 
large, causing a large increase in the time necessary for lens machining. Further, higher order aberrations produced at 
the aspherical surface become strong, which makes the satisfactory correction of aberration very difficult. 
[0187] If the upper limit of the condition of equation (1 a) is exceeded, the power of a negative lens group or groups 

15 having a negative refractive power becomes too strong. Therefore, the Petzval sum is over-corrected, and it becomes 
difficult to mainly correct the curvature of image field and astigmatism, satisfactorily. 

[0188] Further, the tens diameter of a positive lens group having a positive refractive power becomes larger, or the 
number of lenses increases. 

[0189] In a five-group type lens system, at least one of the following conditions may preferably be satisfied. This 
20 improves the effect of using an aspherical surface, and accomplishes a better aberration correction. 

(c1 ) There should be at least two aspherical surfaces formed on surfaces satisfying the conditions of equations (2) 
and (3), and they should include regions in which, from a central portion to a peripheral portion of the surface, their 
local curvature powers change with mutually opposite signs. 
25 (c2) At least one of aspherical surfaces satisfying conditions (2) and (3) and being provided in a negative lens group 
should include a region in which, from a central portion to a peripheral portion of the surface, the local curvature 
power thereof gradually increases in the negative direction. 

(c3) At least one of aspherical surfaces provided in a positive lens group should include a region in which, from a 
central portion to a peripheral portion of the surface, the local curvature power thereof gradually increases in the 
30 positive direction. 

[0190] As regards correction of aberration by use of an aspherical surface, generally, there are two ways. One is 
that an aspherical surface is introduced to a certain lens surface so as to reduce production of aberration at that surface 
(auxiliary introduction). The other is that an aspherical surface is introduced so as to cancel an aberration in the rela- 
ys tionship with other surfaces (positive introduction). The present invention is fundamentally based on the latter, and aber- 
rations are well corrected thereby. 

[0191] By establishing a cancelling relation be^A/een local powers of two aspherical surfaces while satisfying the 
condition (cl ) above, it becomes easy to produce a change in refractive power such that plural aberrations can be min- 
imized simultaneously. 

40 [0192] Particularly, higher order aberrations which can not be easily corrected, such as distortion, curvature of field, 
astigmatism, sagittal transverse aberration or meridional transverse aberration, in higher order regions, for example, 
can be well corrected by the function of the condition (cl) above. 

[0193] More preferably, two aspherical surfaces satisfying the condition (cl) may be provided in one of the lens 
groups G1 and G2. Alternatively, these two aspherical surfaces may be Introduced into the lens groups G1 and G2, 
45 respectively. This is preferable for better performance. 

[0194] By introducing aspherical surfaces of the above-described condition into the one or both of the lens groups 
G1 and G2, mainly distortion aberration and image plane can be corrected effectively. 

[0195] Satisfying the condition (c2) is particularly effective for correction of cun^ature of field and meridional and 
sagittal transverse aberrations. 
so [0196] This is because, if the Petzval sum is well corrected, it is still difficult to correct field curvature of large image 
height, particularly, sagittal field curvature having a tendency of "under* and. therefore, as described, it is difficult to bal- 
ance it with the meridional or sagittal transverse aberrations. 

[0197] In one preferred from of the present invention, by introducing an aspherical surface satisfying the condition 
(c2), the power in the negative refractive power direction of the peripheral portion is made large, without excessively 
55 enlarging the paraxial power. As a result, the "under" portion of the field curvature is corrected toward the "over" side. 
[0198] This provides an additional advantage that the degree of freedom for connection of abenBtions at surfaces 
other than the aspherical surface can be expanded significantly, such that meridional or sagittal transverse aberrations 
and distortion aberrations, for example, can be corrected very well. 
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[0199] More preferably, one or more aspherical surfaces satisfying the condition (c2) may be provided In the lens 
group G1 or G2. This is desirable for better perfomnance. By introducing an aspherical surface into one of or both of the 
lens groups G1 and G2, mainly distortion aberration and image plane can be corrected effectively. 
[0200] The provision of an aspherical surface having a region, as defined in condition (c3), in which, from central 
5 portion to a peripheral portion of the surface, the local curvature power thereof gradually increases in the positive direc- 
tion, is desirable for further improvement of performance. 

[0201] Use of an aspherical surface such as described above, is effective mainly for correction of the object-side 
telecentricity and higher order distortion aberration. 

[0202] In the example described above, of the lens system having five lens groups, the power of the two lens groups 
10 having a strong negative refractive power is enlarged to enable correction of astigmatism or curvature of image field 
which relates to the Petzval sum. However, it influences the balance of telecentricity on the object side because of 
higher order negative powers, and higher order "under" distortion aberration is produced. 

[0203] In consideration of it, the object-side telecentricity is well accomplished again and, simultaneously, an "over" 
distortion aberration in an opposite direction is produced to cancel it. Thus, the correction can be done well. 
15 [0204] As described above, with the provision of an aspherical surface which satisfies at lease one of the conditions 
(c1) and (c2), an optical system having a high resolution and being well aberration-corrected can be accomplished. Fur- 
ther, the provision of an aspherical surface satisfying the condition (c3) is effective to provide an optical system of better 
performance. 

[0205] Of course, plural aspherical surfaces may be introduced, by which better aberration correction is attained 
20 through the whole lens system. VVhen an aspherical surface having a region in which, from a central portion to a periph- 
eral portion of the surface, the local curvature power thereof decreases in the same direction, is introduced into a tens 
group of positive refractive power wherein the height of the axial marginal light ray is high, that is, the lens group G3 or 
G5, successful correction of spherical aben^tion or comma aberration is attainable. 

[0206] in one preferred fomn of the present invention, the stop may be disposed in the fourth lens group G4 or the 

25 fifth lens group G5. It may be disposed in a lens group or between lens groups. 

[0207] As regards a aspherical surface lens, the face thereof on the opposite side of its aspherical surface may not 
always be spherical. If that face comprises a plane surface, the production and assembling operation of such aspherical 
surface element becomes easier. This is particularly effective where an aspherical surface is to be formed on a lens 
having a large effective diameter. Some of all aspherical surface lenses used in a projection optical system may have a 

30 flat surface at the face on the opposite side of its aspherical surface. Further, all the aspherical surface lenses may have 
a flat surface at the face on the opposite side of the aspherical surface. 

[0208] The face of an aspherical surface lens on the side opposite to its aspherical surface may be formed into an 
aspherical surface. Namely, a bi-aspherical surface lens may be used. In that occasion, all the aspherical surface 
lenses in a projection optical system may comprise bi-aspherical surface lenses, or only some of them may comprise 
35 bi-aspherical surface lenses. 

[0209] In the refractive power arrangement of a seven-group type lens system of a projection optical system shown 
in Figure 54, at least one aspherical surface which satisfies the condition (3) is introduced to a surface within the optical 
system, so as to accomplish an optical system wherein aberrations are well corrected without excessively increasing 
the number of element lenses. 

40 [0210] Equation (3) defines a condition for effective use of an aspherical surface. With the introduction of at least 
one aspherbal surface satisfying this condition, the effect of using an aspherical surface well functions, and aberrations 
are corrected successfully. 

[0211] If the condition (3) is not satisfied, aberration correction becomes difficult unless the number of lenses is 
made larger. 

45 [0212] For example, if the object-to-image distance is 1000 mm and the wavelength used is 193 nm, from equation 
(3), the aspherical amount AASPH becomes equal to 0.001 mm which corresponds to about ten Newton's rings. This 
is a sufficiently large value as an aspherical surface to be used in a projection optical system. 

[0213] Further, for more effective use of an aspherical surface in a projection optical system of seven-group struc- 
ture, the condition (3) should preferably be change to: 

50 

lAASPH/LI > 1x10"^ (3a) 

[0214] The projection optical system shown in Figure 54 comprises, from the first lens surface at the object side to 
the stop plane, a first lens group LI having a positive refractive power, a second lens group 12 having a negative refrac- 
55 tlve power, a third lens group L3 having a positive refractive power, a fourth lens group L4 having a negative refractive 
power, a fifth lens group L5 having a positive refractive power, and a sixth lens group L6 having a negative refractive 
power. 

[021 5] Within this range near the object, the height of the abaxial light ray is high, and the axial light ray is low. Also, 
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adjacent the stop, the height of the abaxial light ray becomes lower, while the axial light ray becomes higher than that 
at adjacent the object surface. 

[0216] Thus, before the stop and In the vicinity of the stop, the relation between the height of the principal ray and 
the height of the axial light ray largely changes. Particularly, accomplishing a large numerical aperture means that, near 

5 the object, the numerical aperture light becomes wider. 

[0217] In consideration of it, before the stop, particularly the production of abaxial aberrations such as distortion 
aberration, astigmatism, comma aberrations should be made small as much as possible. If this Is not attained, the axial 
aberrations and abaxial aberrations are not balanced, and the aberration correction for an optical system becomes very 
difficult. Therefore, preferably, at least one aspherical surface set within the range! as defined by equation (3) should be 

10 introduced, by which abaxial aberrations such as distortion aben^tion, astigmatism, comma aberrations can be cor- 
rected effectively. 

[0218] The stop may be disposed in or adjacent the sixth lens group L6, or in or adjacent the fifth lens group L5. 
[0219] In the seven-group structure described above, at least one aspherical surface may preferably be provided 
between the first lens, at the object side, to the position of the stop. 
15 [0220] Further, in the seven-group structure, when h is a height of an axial marginal light ray and h^ is a height of a 
most abaxial chief ray, at least one aspherical surface may preferably be formed on a surface which satisfies a relation 

Ih j,/hl > 0.35 (2) 

20 [0221 ] In conventional reduction projection optical systems, it is very difficult to satisfactorily correct distortion, cur- 
vature of image field, and astigmatism as well as transverse aberrations of meridional and sagittal, while maintaining 
the telecentric'rty. 

[0222] This is because of the following reason. The telecentricity, distortion, curvature of image field, and astigma- 
tism are all aberration amounts related to a principal ray passing through the center of a Jight flux. Although these abor- 
ts rations depend on the placement and shape of lenses on the object side where, in the lens system as a whole, the 
height of the principal ray is high, practically it is very difficult to maintain, on one hand, the telecentricity with respect to 
principal rays.from every object points on the object and, on the other hand, to refract the same principal ray so as to 
correct the distortion, the curvature of image field and the astigmatism. 

[0223] Further, since on a lens surface those rays below the meridional are refracted at a height still higher than the 
30 principal ray, it is difficult to balance the meridional transverse aberration and aberration concerning these principal 
rays. Simultaneously, in order to correct the curvature of image field which has a tendency that it is "under* with higher 
image height, usually a concave lens is used to refract the light strongly. Then, however, the peripheral portion of the 
sagittal transverse aberration at high image heights further changes "over". Thus, it is difficult to balance them satisfac- 
torily. 

35 [0224] Enlarging the numerical aperture and widening the exposure area under these situations directly lead to fur- 
ther enlargement of the object side light flux and image height, and it amplifies the difficulties in aben^tion correction. 
[0225] In a projection optical system of seven-group structure according to one preferred form of the present inven- 
tion, in consideration of the above, the condition of equation (2) is satisfied and an aspherical surface is formed on such 
surface having a large influence to abaxial principal rays, thereby to concentratedly and effectively correct the above- 

40 described aberrations to be improved. This effectively reduces the load for correction of other aberrations, and accom- 
plishes a good optical performance. 

[0226] If the lower limit of the condition of equation (2) is exceeded, the influence to axial marginal light rays 
increases, rather than to the abaxial principal rays, and therefore, the effect of correcting the aberrations to be improved 
diminishes. Thus, it becomes difficult to attain an enlarged numerical aperture and a wider exposure area. 
45 [0227] In Figure 54, condition (2) is satisfied in a range from the object surface to the lens groups G1 - G4. Thus, 
introducing at least one aspherical surface into this range is a condition for better optical performance. 
[0228] Particularly, when an aspherical surface is introduced into the lens group G 1 , since the height hb of the abax- 
ial chief ray is highest, it is very effective to control the distortion aberration coefficient 

[0229] Introducing an aspherical surface into the lens group G2 having a negative refractive power Is effective to 
so control mainly the field curvature and astigmatism abenration. Since however it is in a cancelling relation with the lens 
group G1 having a positive refractive power, the distortion aberration coefficient can also be controlled effectively. Since 
in the positive lens group G3, the height h of the axial light ray is high and using an aspherical surface contributes the 
spherical aberration coefficient or the comma aberration coefficient, an aspherical surface may well be introduced to 
this lens group, for better correction of spherical aberration or comma aberration. 
55 [0230] In one preferred form of the present invention, when L is an object-to-image distance of said projection opti- 
cal system and 0 is the sum of powers of the negative lens groups, a relation 

\Lx0q\ > 17 
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may preferably be satisfied. 

[0231] Generally, if the conjugate distance (object-to-image distance) L becomes longer, the total power 0 of the 
negative lens groups becomes smaller. If on the other hand the conjugate distance becomes shorter, the total power 0 
of the negative lens groups becomes larger. 

5 [0232] In one preferred form of the present invention, the product of the conjugate distance and the total power is 
set to be not less than 1 7. The total power of the negative refractive power lens group is therefore made larger, mainly 
for satisfactory correction of the curvature of image field and the astigmatism. If the lower limit of the condition is 
exceeded, the Petzval sunn increases in the positive direction, such that satisfactory correction of the curvature of image 
field or astigmatism becomes difficult to accomplish. 

10 [0233] Further, also In the seven-group structure, conditions as defined by equations (la), (2a) and (3a) described 
hereinbefore may preferably be satisfied, for better connection of aberrations. 

[0234] If. for example, the upper limit of the condition of equation (3a) is exceeded, the aspherical amount becomes 
large, and the lens processing time becomes long. Further, large higher-order aberrations may be produced at the 
aspherical surface, which may make the aberration correction difficult. - 
75 [0235] If the upper limit of the condition of equation (2a) Is exceeded, lenses become too close to the object plane 
and the working distance can not be kept. If the magnification of the projection optical system is extraordinarily small, 
the working distance may be kept even though the condition is exceeded. However, an optfcal system having such a 
extraordinarily small magnification is not practical for use in lithography. 

[0236] If the upper limit of the condition of equation (1 a) is exceeded, the power of a negative lens group or groups 
20 having a negative refractive power becomes too strong. Therefore, the Petzval sum is over-conrected, and It becomes 
difficult to mainly correct the curvature of image field and astigmatism, satisfactorily. 

[0237] Further, the lens diameter of a positive lens group having a positive refractive power becomes larger, or the 
number of lenses increases. 

[0238] In a seven-group type lens system, at least one of the following conditions may preferably be satisfied. This 
25 improves the effect of using an aspherical surface, and accomplishes a better aberration connection. 

(d1) There should be at least two aspherical surfaces which include regions in which, from a central portion to a 
peripheral portion of the surface, their local curvature powers change with mutually opposite signs. 
(d2) At least one of aspherical surfaces provided in a negative lens group should include a region in which, from a 
30 central portion to a peripheral portion of the surface, the local curvature power thereof gradually increases in the 
negative direction or gradually decreases in the positive direction. 

(d3) At least one of aspherical surfaces provided in a positive lens group should include a region in which, from a 
central portion to a peripheral portion of the surface, the local curvature power thereof gradually increases in the 
positive direction or gradually decreases In the negative direction. 

35 

[0239] As regards correction of abenation by use of an aspherical surface, generally, there are two ways. One is 
that an aspherical surface is introduced to a certain lens surface so as to reduce production of aberration at that surface 
(auxiliary introduction). The other is that an aspherical surface is Introduced so as to cancel an aberration in the rela- 
tionship with other surfaces (positive introduction). The present invention is fundamentally based on the latter, and aber- 
40 rations are well corrected thereby. 

[0240] By establishing a cancelling relation between local powers of two aspherical surfaces while satisfying the 
condition (d1 ) above, it becomes easy to produce a change in refractive power such that plural aberrations can be min- 
imized simultaneously. 

[0241] Particularly, higher order aberrations which can not be easily connected, such as distortion, curvature of field, 
45 astigmatism, sagittal transverse aberration or meridional transverse abenation, in higher order regions, for example, 
can be well corrected by the function of the condition (d1) above. 

[0242] More preferably, two aspherical surfaces satisfying the condition (d1) may be provided in one of the lens 
groups G1 and G2. Alternatively, these two aspherical surfaces may be introduced into the lens groups G1 and G2, 
respectively This is preferable for better performance. 
so [0243] By introducing aspherfcal surfaces of the above-described condition into the one or both of the lens groups 
G1 and G2, mainly distortion aben^tion and image plane can be corrected effectively. 

[0244] Satisfying the condition (d2) is particularly effective for correction of curvature of field and meridional and 

sagittal transverse aberrations. 

[0245] This is because, if the Petzval sum is well corrected, it is still difficult to correct field curvature of large image 
55 height, particularly, sagittal field curvature having a tendency of "under* and, therefore, as described, it is difficult to bal- 
ance it with the meridional or sagittal transverse aberrations. 

[0246] In one preferred from of the present invention, by introducing an aspherical surface satisfying the condition 
(d2), the power in the negative refractive power direction of the peripheral portion is made large, without excessively 
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enlarging the paraxial power. As a result, the "under" portion of the field curvature is corrected toward the "over" side. 

[0247] This provides an additional advantage that the degree of freedom for correction of aberrations at surfaces 

other than the aspherical surface can be expanded significantly, such that meridional or sagittal transverse aberrations 

and distortion aberrations, for example, can be corrected very well. 
5 [0248] More preferably, one or more aspherical surfaces satisfying the condition (d2) may be provided in the lens 

group G1 or G2. This is desirable for better perfornriance. By introducing an aspherical surface into one of or both of the 

lens groups G1 and G2, mainly distortion aberration and image plane can be corrected effectively. 

[0249] The provision of an aspherical surface having a region, as defined in condition (d3), in which, from central 

portion to a peripheral portion of the surface, the local curvature power thereof gradually increases in the positive direc- 
10 tion, is desirable for further improvement of performance. 

[0250] Use of an aspherical surface such as described above, is effective mainly for correction of the object-side 

telecentricity and higher order distortion aberration. 

[0251] In the example described above, of the lens system having seven lens groups, the power of the three lens 
groups is enlarged to enable correction of astigmatism or curvature of image field which relates to the Petzval sum. 
75 However, it influences the balance of telecentricity on the object side because of higher order negative powers, and 
higher order "under" distortion aberration is produced. 

[0252] In consideration of it, the object-side telecentricity is well accomplished again and, simultaneously, an "over" 
distortion aberration in an opposite direction is produced to cancel it. Thus, the correction can be done well. 
[0253] As described above, with the provision of an aspherical surface which satisfies at lease one of the conditions 
20 (d1 ) and (d2), an optical system having a high resolution and being well aberration -corrected can be accomplished. Fur- 
ther, the provision of an aspherical surface satisfying the condition (d3) is effective to provide an optical system of better 
performance. 

[0254] Of course, plural aspherical surfaces may be introduced, in addition to the above-described aspherical sur- 
face, by which better aberration correction is attained through the whole lens system. When an aspherical surface hav- 
25 ing a region in which, from a central portion to a peripheral portion of the surface, the local curvature power thereof 
decreases in the same direction, is introduced into a lens group of positive refractive power wherein the height of the 
axial marginal light ray is high, that is, the lens gnaup G5 or G7, successful correction of spherical abeniation or comma 
aberration is attainable. 

[0255] As regards a aspherical surface lens, the face thereof on the opposite side of its aspherical surface may not 
30 always be spherical. If that face comprises a plane surface, the production and assembling operation of such aspherical 
surface element becomes easier. This is particularly effective where an aspherical surface is to be formed on a lens 
having a large effective diameter Some of all aspherical surface lenses used in a projection optical system may have a 
flat surface at the face on the opposite side of its aspherical surface. Further, ail the aspherical surface lenses may have 
a flat surface at the face on the opposite side of the aspherical surface. 
35 [0256] The face of an aspherical surface lens on the side opposite to its aspherical surface may be formed into an 
aspherical surface. Namely, a bi-aspherical surface lens may be used. In that occasion, all the aspherical surface 
lenses in a projection optical system may comprise bi-aspherical surface lenses, or only some of them may comprise 
bi-aspherical surface lenses. 

[0257] Next, an example of aspherical surface processing method applicable to a projection optical system of the 

40 present invention will be described. 

[0258] As regards a process for forming an aspherical surface lens which can meet a large diameter lens to be 
used in fithography or the like, an example is reported in "Computer-controlled polishing of telescope mirror segments'. 
Robert A. Jones, OPTICAL ENGINEERING, Mar/Apr Vol.22. No.2, 1983. In this example, a three-dimension ally com- 
puter-controlled grinding machine is used to produce ah aspherical surface shape and, thereafter, a computer-control- 

45 led polishing machine (COP) is used to finish the same. A shape precision of 0.025 Xrms (X = 633 nm) is reported. 
[0259] Figure 88 is a schematic view for explaining a procedure for making an aspherical surface by mechanical 
processings. Denoted in the drawing at 501 is a substrate, and denoted at 502 is a substrate rotating mechanism. 
Denoted at 503 is a stage, and denoted at 504 is a spherical surface pad. Denoted at 505 is a spherical surface pad 
rotating mechanism, and denoted at 506 Is a load controlling mechanism. Denoted at 507 is a polishing liquid supplying 

50 nozzle, and denoted at 508 is a polishing liquid. The substrate 501 is rotatably mounted on the stage 503 which is mov- 
able, and the substrate can be rotated by the rotating mechanism 502. 

[0260] The contact pressure to the surface of the substrate 501 being rotated Is controlled by the load controlling 
mechanism 506. The spherical surface pad 405 being rotated by the pad rotating mechanism 505 contacts the surface 
of the substrate. The polishing liquid 508 Is supplied to the contact surface by the liquid supplying mechanism 507, by 
55 which the contact surface is polished. 

[0261] The position of the stage 503 and the contact pressure of the spherical pad 504 as applied by the load con- 
trolling mechanism 506 are controlled by a computer, not shown. With this procedure, an aspherical surface lens can 
be produced. However, the aspherical surface processing method is not limited to this, and any other method is usable. 
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[0262] Important features of lens structures in numerical examples of projection optical systems according to the 
present invention, will now be described. 

[Example 1 ] 

5 

[0263] Figure 1 is a lens sectional view of a projection optical system according to Numerical Example 1 of the 
present invention. The projection optical system has a reference wavelength 193 nm, a numerical aperture NA =: 0.65, 
a projection magnification p = 1 :4, a lens conjugate distance L = 1 000 mm, and an exposure region of diameter 027.3 
mm. This optical system is accomplished by lenses of a small number 17 (seventeen). It uses six aspherical surfoces. 

10 [0264] Table 1 shows specifications of this example, in regard to the conditions. Figure 2 illustrates changes in 
power of aspherical surfaces, wherein the axis of ordinate represents the height of aspherical surface from the optical 
axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 
number. The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 
vature power, respectively. Figure 3 illustrates aberrations of this example. 

15 [0265] In Numerical Example 1 , surfaces r1 - r8 belong to a positive first lens group G1 , all of which are spherical 
surfaces. Surfaces r9 > r16 belong to a negative second lens group G2, wherein rIO and r12 are aspherical surfaces. 
Surfaces r1 7 - r34 belong to a positive third lens group G3, wherein r20. r23, r25 and r33 are aspherical surfaces. 
[0266] In this example, as shown in Table 1, first the condition of equation (1) for correction of the Petzval sum is 
satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3), two aspherical surfaces are 

20 placed in the second group. With this arrangement, the telecentricity, distortion aberration and curvature of field, for 
example, are corrected well. 

[0267] The first lens group is provided by one negative lens and three positive lenses. 

[0268] The second lens group Is provided by four negative lenses. The aspherical surfaces at rIO and r12 include 
regions in which the local curvature powers change with mutually opposite signs so as to cancel each other, for con-ec- 
25 tion of field curvature and distortion, for example. Thus, the functions as defined by conditions (a1 ) and {a2) described 
above are satisfied. 

[0269] The third lens group is provided by eight positive lenses and one negative lens. Five of eight positive lenses 
are made of fiuorite (n = 1 .5014), for correction of chromatic aberration. In the aspherical surfaces at r20, r23 and r25, 
the local curvature power changes in the negative direction so as mainly to connect the spherical aberration. The 
30 aspherical surface at r33 serves mainly to correct lower orders of the distortion aberration. The local curvature power 
thereof changes in the positive direction. 

[0270] In the lens system, a pair of lenses, comprising a negative meniscus tens having its concave surface facing 
to the image plane side and a positive lens having a first concave surface facing to the image plane side, are disposed, 
to assist connection of field curvature, comma abenratlon and distortion aberration. 
35 [0271] With this arrangement, aberrations are corrected satisfactorily, as illustrated in Figure 3. 

[Example 2] 

[0272] Figure 4 is a lens sectional view of a projection optical system according to Numerical Example 2 of the 
40 present invention. The projection optical system has a reference wavelength 193 nm, a numerical aperture NA = 0.65, 
a projection magnification p = 1 :4, a lens conjugate distance L = 1000 mm, and an exposure region of diameter 027.3 
mm. This optical system is accomplished by lenses of a small number 17 (seventeen). It uses nine aspherical surfaces. 
[0273] Table 2 shows specifications of this example, in regard to the conditions. Figure 5 illustrates changes in 
power of aspherical surfaces, wherein the axis of ordinate represents the height of aspherical surface from the optical 
45 axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 
number. The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 
vature power, respectively. Figure 6 illustrates aberrations of this example. 

[0274] In Numerical Example 2, surfaces r1 • rIO belong to a positive first lens group G1, wherein r2 and r5 are 
aspherical surfaces. Surfaces r1 1 - r16 belong to a negative second lens group G2, wherein r1 1 and r15 are aspherical 
50 surfaces. Surfaces r17 - r34 belong to a positive third lens group G3, wherein r20, r23, r27, r32 and r33 are aspherical 

surfaces. 

[0275] In each of the lenses having aspherical surfaces r2, r5. r15, r23, r32 and r33, the face on the side opposite 
to its aspherical surface is a plane surface. 

[0276] In this example, as shown in Table 2, first the condition of equation (1) for correction of the Petzval sum is 
55 satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3), four aspherical surface are 
used. Namely, two aspherical surfaces are placed in the first lens group, and two aspherical surfaces are placed in the 
second lens group. With this arrangement, the telecentricity, distortion aberration and curvature of field, for example, 
are corrected well. 
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[0277] The first lens group is provided by one negative lens and four positive lenses. The aspherical surfaces at r2 
and r5 include regions in which their local curvature powers gradually change in the positive direction. Thus, the func- 
tion as defined by condition (a3) described above is satisfied. 

[0278] The second lens group Is provided by three negative lenses. In the central portion of the surface at r1 1 and 
in the surface at r15, the local curvature power changes in the negative direction, and the function of condition (a2) is 
satisfied. The aspherical surfaces at rl1 and r15 include regions, at peripheral portions, in which the local curvature 
powers change with mutually opposite signs so as to cancel each other, for connection of higher orders of field curvature 
and distortion, for example. Thus, the function as defined by condition (a1) described above is satisfied. 
[0279] Additionally, at the central portion of the surface r1 1 , at the surface rl5. at the central portion of the surface 
r2 of the first lens group G1 , and at the surface r5, there are regions in which the local curvature powers change with 
mutually opposite signs. Thus, also in this respect, the function of condition (al ) is satisfied. This Is effective for correc- 
tion of the telecentricity and distortion, for example. 

[0280] The third lens group is provided by seven positive lenses and two negative lenses. Rve of eight positive 
lenses are made of fluorite (n = 1.5014), for conrection of chromatic abenation. In the aspherical surfaces at r20, r23 
and r27, the local cun^ature power changes in the negative direction so as mainly to correct the spherical aberration. 
The aspherical surfaces at r32 and r33 include regions In which the local curvature powers change in the positive direc- 
tion, mainly for correction of distortion. 

[0281] With this an^ngement, abenBtions are corrected satisfactorily, as illustrated in Figure 6. 
20 [Example 3] 

[0282] Figure 7 is a lens sectional view of a projection optical system according to Numerical Example 3 of the 
present invention. The projection optical system has a reference wavelength 193 nm, a numerical aperture NA = 0.65, 
a projection magnification (3=1 :4. a lens conjugate distance L = 000 mm. and an exposure region of diameter 027.3 
25 mm. This optical system is accomplished by lenses of a small number 17 (seventeen). It uses seven aspherical sur- 
faces. 

[0283] Table 3 shows specifications of this example, in regard to the conditions. Figure 8 illustrates changes in 
power of aspherical surfaces, wherein the axis of ordinate represents the height of aspherical surface from the optical 
axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 
30 number. The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 
vature power, respectively Figure 9 illustrates aberrations of this example. 

[0284] In Numerical Example 3. surfaces r1 - r8 belong to a positive first lens group G1, wherein r2 and r7 are 
aspherical surfaces. Surfaces r9 - r1 6 belong to a negative second lens group G2, wherein r12 is an aspherical surface. 
Surfaces r17 - r34 belong to a positive third lens group G3, wherein r20, r23, r25 and r33 are aspherical surfaces. 
35 [0285] In each aspherical lenses having aspherical surfaces, the face on the side opposite to its aspherical surface 
is a plane surface. 

[0286] In this example, as shown in Table 3, first the condition of equation (1) for correction of the Petzval sum is 
satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3), three aspherical surface are 
used. Namely, two aspherical surfaces are placed in the first lens group, and one aspherical surface is placed in the 
4o second lens group. With this anangement. the telecentricity, distortion abenation and curvature of field, for example. 

are corrected well. 

[0287] The first lens group is provided by one negative lens and three positive lenses. In the aspherical surface at 
r7, the local curvature power gradually changes in the positive direction, thus satisfying the function defined by condition 
(a3) described above. Simultaneously, in relation to the central portion of the aspherical surface at r2, their local curve- 
45 ture powers change with mutually opposite signs to cancel with each other. Thus, the function as defined by condition 
(a1 described above is satisfied. 

[0288] The second lens group is provided by four negative lenses. Two lenses at the image plane side have a large 
power for correction of the Petzval sum. In order to cancel it, in the central portion of the surface at r1 2, the local curva- 
ture power changes in the positive direction. At the peripheral portion, however, the local curvature power changes in 
50 the negative direction, for correction of higher order field curvature. Thus, the function of condition (a2) is satisfied. 
[0289] Additionally, at this peripheral portion and the aspherical surface r 7 of the first lens group G1 , the local cur- 
vature powers change with mutually opposite signs to cancel with each other. Thus, also the function of condition (al ) 
is satisfied. 

[0290] The third lens group is provided by eight positive lenses and one negative lens. In the aspherical surfaces at 
55 r20. r23 and r25. the local curvature power changes in the negative direction so as mainly to con-ect the spherical aber- 
ration. The aspherical surface at r33 serves mainly to con-ect distortion, and the local curvature power thereof changes 
in the positive direction, mainly for correction of distortion. 

[0291] In the lens system, a pair of lenses, comprising a negative meniscus lens having its concave surface facing 
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to the image plane side and a positive lens having a first concave surface facing to the image plane side, are disposed, 

to assist correction of field cun/ature, comma aberration and distortion aberration. 

[0292] With this arrangement, aberrations are corrected satisfactorily, as illustrated in Figure 9. 

5 [Example 4] 

[0293] Rgure 10 is a lens sectional view of a projection optical system according to Numerical Example 4 of the 
present invention. The projection optical system has a reference wavelength 193 nm, a numerical aperture NA= 0.66. 
a projection magnification p = 1 :4, a tens conjugate distance L = 1 000 mm, and an exposure region of diameter 027.3 

10 mm. This optical system Is accomplished by lenses of a small number 15 (fifteen). It uses eight aspherical surfaces. 
[0294] Table 4 shows specifications of this example, in regard to the conditions. Rgure 1 1 illustrates changes in 
power of aspherical surfaces, wherein the axis of ordinate represents the height of aspherical surface from the optical 
axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 
number. The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 

15 vature power, respectively. Figure 12 illustrates aberrations of this example. 

[0295] In Numerical Example 4, surfaces r1 - r8 belong to a positive first lens group G1, wherein r7 and r8 are 
aspherical surfaces. Surfaces r9 - r14 belong to a negative second lens group G2, wherein r9 and r10 are aspherical 
surfaces. Surfaces r16 - rSO belong to a positive third lens group G3, wherein r18, r23, r29 and r30 are aspherical sur- 
faces. 

20 [0296] Each of the lenses haying surfaces r7 and r8; r9 and r1 0; and r29 and r30 Is a bi-aspherical surface lens hav- 
ing aspherical surfaces on both sides thereof. 

[0297] In this example, as shown in Table 4, first the condition of equation (1) for correction of the Petzval sum is 
satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3), four aspherical surface are 
used. Namely, two aspherical surfaces are placed in the first lens group, and two aspherical surface is placed in the sec- 
25 ond lens group. With this arrangement, the telecentricity, distortion aberration and curvature of field, for example, are 
connected well. 

[0298] The first lens group is provided by one negative lens and three positive lenses. In the aspherical surfaces at 
r7 and r8 which are the surfaces of a bi-aspherical surface lens, their local curvature powers change with mutually oppo- 
site signs to cancel with each other, thus satisfying the function defined by conditiori (a1) described above and, simul- 
30 taneously, the function of condition (a3) described above. 

[0299] The second lens group is provided by three negative lenses. At the aspherical surfaces r9 and r1 0 which are 
the surfaces of a bi-aspherical surface lens, the local curvature powers change with mutually opposite signs to cancel 
with each other. Thus, the function of condition (a1 ) is satisfied and, simultaneously, the function of condition (a2) is sat- 
isfied. 

35 [0300] Similarly, in the relation between the surfaces r8 and r9, and between the surfaces r7 and r1 0, the function 
defined by condition (a1) is satisfied. Thus, through mutual cancellation, the telecentricity, distortion and field curvature, 
for example, are well con-ected. 

[0301] The third lens group is provided by seven positive lenses and one negative lens. In the aspherical surfaces 
at r18 and r23, the local curvature power changes in the negative direction so as mainly to correct the spherical aber- 
40 ration. In the aspherical surface at r29, the local curvature power thereof at the peripheral portion changes in the posi- 
tive direction, mainly for correction of distortion. 

[0302] In the lens system, a pair of lenses, comprising a negative lens having a second concave surface facing to 
the image plane side and a positive meniscus lens having its first concave surface facing to the image plane side, are 
disposed, to assist correction of field curvature, comma aberration and distortion aberration. 
45 [0303] With this arrangement, aberrations are corrected satisfactorily, as illustrated in Rgure 12. 

[Example 5] 

[0304] Rgure 13 is a lens sectional view of a projection optical system according to Numerical Example 5 of the 
50 present invention. The projection optical system has a reference wavelength 193 nm, a numerical aperture NA = 0.65, 
a projection magnification P = 1:4. a lens conjugate distance L = 1000 mm, and an exposure region of diameter 027.3 
mm. This optical system is accomplished by lenses of a very small number 14 (fourteen). It uses ten aspherical sur- 
faces. 

[0305] Table 5 shows specifications of this example, in regard to the conditions. Figure 14 Illustrates changes in 
55 power of aspherical surfaces, wherein the axis of ordinate represents the height of aspherical surface from the optical 
axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 
number. The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 
vature power, respectively. Figure 15 illustrates aben^tlons of this example. 
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[0306] In Numerical Example 5. surfaces r1 - r8 belong to a positive first lens group G1, wherein r7 and r8 are 
aspherical surfaces. Surfaces r9 - r14 belong to a negative second lens group G2, wherein r9 and r10 are aspherical 
surfaces. Surfaces r1 5 - r28 belong to a positive third lens group G3, wherein r1 7. r1 8. r21 , r22. r27 and r28 are aspher- 
ical surfaces. 

5 [0307] Each of the aspherical lenses having aspherical surfaces is a bi-aspherical surface lens having aspherical 

surfaces on both sides thereof. 

[0308] In this example, as shown in Table 5. first the condition of equation (1 ) for correction of the Petzval sum Is 
satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3). four aspherical surface are 
used. Namely, two aspherical surfaces are placed in the first lens group, and two aspherical surface Is placed in the sec- 
10 ond lens group. With this an^ngement, the telecentricity. distortion aberration and curvature of field, for example, are 

con-ected well. 

[0309] The first lens group is provided by one negative lens and three positive lenses. In the aspherical surfaces at 
r7 and r8 which are the surfaces of a bi-aspherical surface lens, their local curvature powers change with mutually oppo- 
site signs to cancel with each other, thus satisfying the function defined by condition (a1) described above and, simul- 
15 taneously, the function of condition (a3) described above. 

[0310] The second lens group is provided by three negative lenses. At the aspherical surfaces r9 and r1 0 which are 
the surfaces of a bi-aspherical surface lens, the local curvature powers change with mutually opposite signs to cancel 
with each other. Thus, the function of condition (a1 ) is satisfied and, simultaneously, the function of condition (a2) is sat- 
isfied. 

20 [0311] Similarly, in the relation between the surfaces r8 and r9, and between the surfaces r7 and rIO, the function 
defined by condition (a1) is satisfied. Thus, through mutual cancellation, the telecentricity. distortion and field curvature, 
for example, are well corrected. 

[0312] The third lens group is provided by six positive lenses and one negative lens. In the aspherical surfaces at 
r1 8, r21 and r22. the local curvature power changes in the negative direction so as mainly to correct the spherical aber- 
25 ration. In the aspherical surface at r27, the local curvature power thereof at the peripheral portion changes in the posi- 
tive direction, for correction of distortion, for example. 

[0313] In the lens system, a pair of lenses, comprising a negative meniscus lens having a concave surface facing 
to the image plane side and a positive lens having Its first concave surface facing to the image plane side, are disposed, 
to assist correction of field curvature, comma aberration and distortion aberration. 
30 [0314] With this arrangement, aberrations are corrected satisfactorily, as illustrated In Figure 15. 

[Example 6] 

[0315] Figure 16 is a lens sectional view of a projection optical system according to Numerical Example 6 of the 
35 present invention. The projection optical system has a reference wavelength 248 nm, a numerical aperture NA = 0.65, 
a projection magnification p = 1 :4, a lens conjugate distance L = 1 050 mm. and an exposure region of diameter 027.3 
mm. This optical system is accomplished by lenses of a number 27 (twenty-seven). It uses two aspherical surfaces. 
[0316] Table 6 shows specifications of this example, in regard to the conditions. Figure 17 illustrates changes in 
power of aspherical surfaces, wherein the axis of ordinate represents the height of aspherical surface from the optical 
40 axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 
number. The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 
vature power, respectively Figure 18 illustrates aberrations of this example. 

[0317] In Numerical Example 6, surfaces r1 - r6 belong to a positive first lens group G1. all of which are spherical 
surfaces. Surfaces r7 - r1 6 belong to a negative second lens group G2, wherein r13 is an aspherical surface. Surfaces 
45 r1 7 - r26 belong to a positive third lens group G3, all of which are spherical surfaces. Surfaces r27 - r34 belong to a 
negative fourth lens group G4, alt of which are spherical surfaces. Surfaces r36 - r54 belong to a positive fifth lens group 
G5, wherein r53 is an aspherical surface. 

[0318] In this example, as shown in Table 6, first the condition of equation (1) for correction of the Petzval sum is 
satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3), one aspherical surface is 
so placed in the first lens group. With this arrangement, the telecentricity. distortion aberration and curvature of field, for 
example, are corrected well. 

[031 9] The first lens group is provided by three positive lenses, mainly for con-ection of telecentricity and distortion. 
[0320] The second lens group Is provided by five negative lenses. At the aspherical surface r1 3, the local curvature 
power changes In the negative direction, thus satisfying the function defined by condition (a2)- Also, distortion, for 
55 example, is corrected in the relationship with the first lens group. 
[0321] The third lens group is provided by five positive lenses. 

[0322] The fourth lens group is provided by four negative lenses, and they function mainly to correct the Petzval 
sum. 
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[0323] The fifth lens group is provided by eight positive lenses and two negative lenses. 
[0324] With this arrangement, aberrations are corrected satisfactorily, as illustrated in Figure 18. 

[Example 7] 

5 

[0325] Rgure 1 9 is a lens sectional view of a projection optical system according to Numerical Example 7 of the 
present invention. The projection optical system has a reference wavelength 248 nm, a numerical aperture NA = 0.65, 
a projection magnification p = 1 :4, a lens conjugate distance L = 1 050 mm, and an exposure region of diameter 027.3 
mm. This optical system is accomplished by lenses of a number 27 (twenty-seven). It uses two aspherical surfaces. 

10 [0326] Table 7 shows specifications of this example, in regard to the conditions. Figure 20 illustrates changes in 
power of aspherical surfaces, wherein the axis of ordinate represents the height of aspherlcat surface from the optical 
axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 
number. The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 
vature power, respectively. Figure 21 illustrates aberrations of this example. 

15 [0327] In Numerical Example 7, surfaces r1 - rS belong to a positive first lens group G1, all of which are spherical 
surfaces. Surfaces r7 - r14 belong to a negative second lens group G2, wherein r10 and r1 1 are aspherical surfaces. 
Surfaces r1 5 - r24 belong to a positive third lens group G3, all of which are spherical surfaces. Surfaces r25 - r32 belong 
to a negative fourth lens group G4, all of which are spherical surfaces. Surfaces r33 - r54 belong to a positive fifth lens 
group G5, all of which are spherical surface. 

20 [0328] In this example, as shown in Table 7, first the condition of equation (1) for correction of the Petzval sum is 
satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3), two aspherical surface are 
pfaced in the second lens group. With this arrangement, the telecentricity. distortion aberration and curvature of field, 
for example, are corrected well. 

[0329] The first lens group is provided by three positive lenses, mainly for correction of telecentricity and distortion. 
25 [0330] The second lens group is provided by four negative lenses. The aspherical surfaces at rIO and r1 1 include 
regions in which their local curvature powers change with mutually opposite signs. Thus, the function defined by condi- 
tion (a1) as well as the function of condition (a2) are satisfied. 
[0331] The third lens group is provided by five positive lenses, 

[0332] The fourth lens group is provided by four negative lenses, and they function mainly to correct the Petzval 
30 sum. 

[0333] The fifth lens group is provided by nine positive lenses and two negative lenses. 

[0334] With this arrangement, aberrations are corrected satisfactorily, as illustrated in Figure 21 . 



[Example 8] 

35 

[0335] Rgure 22 is a lens sectional view of a projection optical system according to Numerical Example 8 of the 
present invention. The projection optical system has a reference wavelength 248 nm, a numerical aperture NA = 0.65, 
a projection magnification p = 1 :4, a lens conjugate distance L = 1 050 mm, and an exposure region of diameter 027.3 
mm. This optical system is accomplished by lenses of a number 24 (twenty-four) which is relatively small as a five-group 
40 type lens system. It uses seven aspherical surfaces, four of which are aspherical surfaces of two bi-aspherical tenses 
each having two aspherical surfaces on both sides thereof. 

[0336] Table 8 shows specifications of this example, in regard to the conditions. Figure 23 illustrates changes in 
power of aspherical surfaces, wherein the axis of ordinate represents the height of aspherical surface from the optical 
axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 
45 number. The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 
vature power, respectively. Figure 24 illustrates aben^ations of this example. 

[0337] In Numerical Example 8, surfaces r1 - r6 belong to a positive first lens group G1, wherein r3 and r4 are 
aspherical surfaces (of a bi-aspherical surface lens). Surfaces r7 - r14 belong to a negative second lens group G2, 
wherein r9 and rl 0 are aspherical surfaces (of a bi-aspherical surface lens). Surf aces r1 5 - r26 belong to a positive third 
50 lens group G3. wherein r20 is an aspherical surface (of a mono-aspherical lens). Surfaces r27 - r30 belong to a negative 
fourth lens group G4, all of which are spherical surfaces. Surfaces r31 - r48 belong to a positive fifth lens group G5. 
wherein r35 and r47 are aspherical surfaces (of mono-aspherical surface lenses). 

[0338] In this example, as shown in Table 8, first the condition of equation (1) for correction of the Petzval sum is 
satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3), two aspherical surfaces (of a 
55 bi-aspherical surface lens) are placed in the first lens group, two aspherical surfaces (of a bi-aspherical surMce lens) 
are placed in the second lens group, and one aspherical surface is placed in the third lens group. With this anangement, 
the telecentricity, distortion aberration and curvature of field, for example, are corrected well. 

[0339] The first lens group is provided by three positive lenses. The aspherical surfaces at r3 and r4 (of a bi-aspher- 
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ical surface lens) include regions In which their local curvature powers change with mutually opposite signs to cancel 
with each other, thus satisfying the functions defined by conditions (al) and (a3) described above. 
[0340] The second lens group is provided by four negative lenses. The aspherical surfaces r9 and rIO (of a bi- 
aspherlcal surface lens) Include regions in which the local curvature powers change with mutually opposite signs to 
cancel with each other. Thus, the functions of conditions (a1 ) and (a2) are satisfied. 

[0341] The third lens group is provided by five positive lenses and one negative lens. In the aspherical surface at 
r20. the local curvature power changes in the negative direction so as to connect the spherical aberration, for example. 
[0342] The fourth lens group is provided by two negative lenses, and they function mainly to correct the Petzval 
sum, 

[0343] The fifth lens group is provided by eight positive lenses and one negative lens. In the aspherical surface at 
r35. the local curvature power thereof changes in the negative direction, for con-ectlon of spherical abenation. The 
aspherical surface at r47 includes a region in which the local curvature power changes in the positive direction, for cor- 
rection of distortion aberration, for example. 

[0344] With this arrangement, aberrations are corrected satisfactorily, as illustrated in Figure 24, 
[Example 9] 

[0345] Figure 25 is a lens sectional view of a projection optical system according to Numerical Example 9 of the 
present invention. The projection optical system has a reference wavelength 193 nm, a numerical aperture NA = 0.65. 
a projection magnification p 1:4. a lens conjugate distance L = 1000 mm. and an exposure region of diameter 027.3 
mm. This optical system is accomplished by lenses of a number 16 (sixteen) which is very small as a five-group type 
lens system. It uses seven aspherical surfaces, all of which are aspherical surfaces formed on lenses each having a 
plane surface at one side. 

[0346] Table 9 shows specifications of this example, in regard to the conditions. Figure 26 Illustrates changes in 
power of aspherical surfaces, wherein the axis of ordinate represents the height of aspherical surface from the optical 
axis, being standardize.d with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 
number. The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 
vature power, respectively. Figure 27 illustrates aberrations of this example. 

[0347] In Numerical Example 9. surfaces r1 - r4 belong to a positive first lens group G1 . wherein r3 is an aspherical 
surface. Surfaces rS - rIO belong to a negative second lens group G2, wherein r8 is an aspherical surfaces. Surfaces 
r11 - r16 belong to a positive third lens group G3, wherein r12 is an aspherical surface. Surfaces r17 - r20 belong to a 
negative fourth lens group G4. wherein r18 is an aspherical surface. Surfaces r21 - r32 belong to a positive fifth lens 
group G5, wherein r22, r25 and r31 are aspherical surfaces. 

[0348] In this example, as shown in Table 9. first the condition of equation (1 ) for correction of the Petzval sum is 
satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3). one aspherical surface is 
placed in the first lens group, and one aspherical surface is placed in the second lens group. With this an-angement. the 
telecentricity, distortion aberration and curvature of field, for example, are con-ected well. 

[0349] The first lens group is provided by two positive lenses. In the aspherical surface at r3. the local curvature 
power changes in the positive direction, thus satisfying the function defined by condition (a3) described above. 
[0350] The second lens group is provided by three negative lenses. In the aspherical surface at r8. the local curva- 
ture power changes in the negative direction, thus satisfying the function of condition (a2). Simultaneously, the local cur- 
vature power changes in an opposite direction relative to that of the surface r3 of the first lens group, to cancel with each 
other. Thus, the function of condition (al) described above is also satisfied. 

[0351] The third lens group is provided by three positive lenses. In the aspherical surface at r12, the local curvature 
power changes in the negative direction so as to con-ect the spherical aberration, for example. 

[0352] The fourth lens group is provided by two negative lenses. In the aspherical surface at r1 8, the local curvature 
power changes in the positive direction. This effectively cancel the diverging action which is produced by this lens group 
itself. 

[0353] The fifth lens group is provided by six positive lenses. In the aspherical surfaces at r22, r25 and f31 , the local 
curvature power thereof changes in the negative direction, for correction of spherical aberration. The aspherical surface 
at rSI also functions to correct distortion aberration. 
[0354] In this example, each lens group is provided with an aspherical surface, such that aberrations are corrected 
satisfactorily, as illustrated in Figure 27. 

55 [Example 10] 

[0355] Figure 28 is a lens sectional view of a projection optical system according to Numerical Example 10 of the 
present Invention. The projection optical system has a reference wavelength 193 nm. a numerical aperture NA = 0.65, 
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a projection magnification p = 1:4, a lens conjugate distance L = 1000 mm. and an exposure region of diameter 027.3 
mm. This optical system is accomplished by tenses of a number 16 (sixteen) which is very small as a five-group type 
lens system. It uses twelve aspherlcal surfaces, all of which are aspherlcal surfaces formed on bi-aspherical lenses 
each having two aspherlcal surfaces on both faces thereof. 

5 [0356] Table 10 shows specifications of this example, in regarcl to the conditions. Figure 29 illustrates changes in 
power of aspherlcal surfaces, wherein the axis of ordinate represents the height of aspherical surface from the optical 
axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 
number. The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 
vature power, respectively. Figure 30 illustrates aberrations of this example. 

10 [0357] In Numerical Example 10, surfaces ri - r4 belong to a positive first lens group G1, wherein r3 and r4 are 
aspherical surfaces (of a bi-aspherical surface lens). Surfaces r5 - riO belong to a negative second lens group G2, 
wherein r9 and r1 0 are aspherical surfaces (of a bi-aspherical surface lens). Surfaces r11 - r1 6 belong to a positive third 
lens group G3, wherein r13 and r14 are aspherical surfaces (of a bi-aspherical surface lens). Surfaces r1 7 - r20 belong 
to a negative fourth lens group G4, wherein r19 and r20 are aspherical surfaces (of a bi-aspherical surface lens). Sur- 

15 faces r21 - r32 belong to a positive fifth lens group G5, wherein r21 and r22 as well as r25 and r26 are aspherical sur- 
faces (of bi-aspherical surface lenses}. 

[0358] In this example, as showri in Table 10, first the condition of equation (1) for connection of the Petzval sum is 
satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3), two aspherical surfaces (of a 
bi-aspherical surface lens) are placed in the first lens group, two aspherical surfaces (of a bi-asphertcal surface lens) 
20 are placed in the second lens group, and two aspherical surfaces (of a bi-aspherical surface lens) are placed in the third 
lens group. With this arrangemerit, the telecentricity. distortion aben^tlon and curvature of field, for example, are cor- 
rected well. 

[0359] The first lens group is provided by two positive lenses. The aspherical surfaces at r3 and r4 include regions 
in which their local curvature powers change with mutually opposite signs to cancel with each other, thus satisfying the 

25 function defined by condition (a1 ) as well as the function of condition (a3) described above. 

[0360] The second lens group is provided by three negative lenses. The aspherical surfaces at r9 and r1 0 (of a bi- 
aspherical surface lens) include regions in which their local curvature powers change with mutually opposite signs to 
cancel with each other, thus satisfying the function of condition (a1) as well as the function of condition (a2). 
[0361] The third lens group is provided by three positive lenses. The aspherical surfaces at r13 and r14 include 

30 regions in which the local curvature powers change with mutually opposite signs to cancel With each other, thus satis- 
fying the function as defined by condition (a1). In total, there remains the negative direction, for con-ection of spherical 
aberration, for example. 

[0362] The fourth lens group is provided by two negative lenses. In the aspherical surfaces at r1 9 and r20 (of a bi- 
aspherical surface lens), the local curvature power changes in the positive direction. This effectively cancel the dlverg- 
35 ing action which is produced by this lens group Itself. 

[0363] The fifth lens group is provided by five positive lenses and one negative lens. The aspherical surfaces at r21 
and r22 include regions in which the local curvature powers thereof change with mutually opposite signs. In total, there 
remains the negative direction, for correction of spherical aben^tion, for example. 

[0364] In the aspherical surfaces at r25 and r26 (of a bi-aspherical surface lens), their local curvature powers 
40 change in the negative direction, and they functions mainly to correct spherical aben^tion. Also, four of the five positive 
lenses are made of fluorite (n = 1 .501 40), for correction of chromatic cdTerrations. 

[0365] In this example, each lens group is provided with a bi-aspherical surface lens, such that aberrations are cor- 
rected satisfactorily, as illustrated in Figure 30. 

45 [Example 11] 

[0366] ngure 31 is a lens sectional view of a projection optical system according to Numerical Example 1 1 of the 
present invention. The projection optical system has a reference wavelength 248 nm, a numerical aperture NA = 0.65, 
a projection magnification p = 1:5. a lens conjugate distance L = 1000 mm, and an exposure region of diameter 031.3 
50 mm. This optical system is accomplished by lenses of a number 24 (twenty-four) which is relatively small as a five-group 
type lens system. It uses twelve aspherical surfaces, all of which are aspherical surfaces formed on bi-aspherical lenses 
each having two aspherical surfaces on both faces thereof. 

[0367] Table 1 1 shows specifications of this example, in reganj to the conditions. Figure 32 illustrates changes in 
power of aspherical surfaces, wherein the axis of ordinate represents the height of aspherical surface from the optical 
55 axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 
number. The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 
vature power, respectively. Figure 33 illustrates aberrations of this example. 

[0368] In Numerical Example 1 1 . surfaces rl - r8 belong to a positive first lens group G1 , all of which are spherical 
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surfaces. Surfaces r9 - r18 belong to a negative second lens group G2. wherein rl2 and r13 are aspherlcal surfaces. 
Surfaces r1 9 - r28 bebng to a positive third lens group G3. all of which are spherical surfaces. Surfaces r29 - r32 belong 
to a negative fourth lens group G4, wherein r29 and r32 are aspherical surfaces. Surfaces r33 - r48 belong to a positive 
fifth lens group G5. wherein r47 is an aspherical surface. 
5 [0369] In this example, as shown in Table 1 1 . first the condition of equation (1 ) for correction of the Petzval sum is 
satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3). two aspherical surfaces are 
placed in the first lens group. With this arrangement, the telecentricity, distortion aberration and curvature of field, for 
example, are corrected well. 

[0370] The first lens group Is provided by three positive lenses and one negative lens, and telecentricity and distor- 

w tion aberration, for example, are well corrected. 

[0371] The second lens group is provided by one positive lens and four negative lenses. In the aspherical surface 
at rl2. the local curvature power changes in the negative direction, thus satisfying the function of condition (32). Simul- 
taneously, the local curvature power changes in the opposite direction relative to that in the surface r13 to cancel with 
each other, and the function of condition (a1) is satisfied as well. 

15 [0372] The third lens group is provided by five positive lenses. 

[0373] The fourth lens group is provided by two negative lenses. In the aspherical surfaces at r29 and i32, their 
local curvature powers change with mutually opposite signs. In total, there remains the positive direction, and It effec- 
tively cancels the diverging action, at higher order, produced by this lens group itself. 

[0374] The fifth lens group is provided by seven positive lenses and one negative lens. In the aspherical surface at 
20 r47. the local curvature power thereof changes in the negative direction, and the spherical aberration, comma aberra- 
tion, and distortion, for example, are corrected thereby. 

[0375] With this arrangement, aberrations are corrected satisfactorily, as illustrated in Figure 33. 
[Example 12] 

25 

[0376] Figure 34 is a lens sectional view of a projection optical system according to Numerical Example 12 of the 
present invention. The projection optical system has a reference wavelength 193 nm, a numerical aperture NA = 0.65. 
a projection magnification p = 1:4. a lens conjugate distance L = 1 130 mm, and an exposure region of diameter 027.3 
mm. This optical system is accomplished by lenses of a number 26 (twenty-six). It uses five aspherical surfaces. 

3o [0377] Table 12 shows specifications of this example, in regard to the conditions. Figure 35 illustrates changes in 
power of aspherical surfaces, wherein the axis of ordinate represents the height of aspherical surface from the optical 
axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 
number. The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 
vature power, respectively. Figure 36 illustrates aberrations of this example. 

35 [0378] In Numerical Example 12, surfaces r1 - r4 belong to a positive first lens group G1 , wherein r3 is an aspher- 
ical surface. Surfaces r5 - rl 2 belong to a negative second lens group G2. wherein rS and r9 are aspherical surfaces. 
Surfaces rl 3 - ri 8 belong to a positive third lens group G3, all of which are spherical surfaces. Surfaces rl 9 - r24 belong 
to a negative fourth lens group G4. all of which are spherical surfaces. Surfaces r25 - r34 belong to a positive fifth lens 
group G5. wherein r33 is an aspherical surface. Surfaces r35 - r40 belong to a negative sixth lens group G6, all of which 

4o are spherical surfaces. Surfaces r41 - r52 belong to a positive seventh lens group G7. wherein r52 is an aspherical sur- 
face. 

[0379] In this example, as shown in Table 12. first the condition of equation (1) for correction of the Petzval sum is 
satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3), one aspherical surface is 
placed in the first lens group, and two aspherical surfaces are placed in the second lens group. With this arrangement, 
45 the telecentricity, distortion aberration and curvature of field, for example, are corrected well. 

[0380] The first lens group is provided by two positive lenses. In the aspherical surface at r3, the local curvature 
power changes in the negative direction. 

[0381] The second lens group is provided by four negative lenses. In the aspherical surfaces at r8 and r9, the local 
curvature power changes in opposite directions, thus satisfying the function of condition (a1) and. simultaneously, the 
50 function of condition (a2). Also, through the relationship with the surfaces r3 and r8 of the first lens group, the function 
of condition (a1) is satisfied. 

[0382] The third lens group is provided by three positive lenses. 

[0383] The fourth lens group is provided by three negative lenses, and they serve mainly to con-ect the Petzval sum. 
[0384] The fifth lens group is provided by five positive lenses. In the aspherical surface at r33. the local curvature 
55 power thereof at a peripheral portion changes slightly in the positive direction. This is effective to cancel, at higher 
orders, a strong diverging action of the subsequent sixth lens group. 

[0385] The sixth lens group is provided by three negative lenses, and mainly they serve to conrect the Petzval sum. 
[0386] The seventh lens group is provided by six positive lenses. In the aspherical surface at r52. the local curva- 
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ture power changes in the negative direction, to thereby correct distortion and comma, for example. 
[0387] With this arrangement, aberrations are corrected satisfactorily, as illustrated in Figure 36. 

[Example 13] 

5 

[0388] Figure 37 is a lens sectional view of a projection optical system according to Numerical Example 13 of the 
present invention. The projection optical system has a reference wavelength 1 93 nm, a numerical aperture NA = 0.65, 
a projection magnification p = 1 :4. a lens conjugate distance L = 1 130 mm, and an exposure region of diameter 027.3 
mm. This optical system is accomplished by lenses of a number 26 (twenty-six). It uses three aspherlcal surfaces. 

10 [0389] Table 13 shows specifications of this example, in regard to the conditions. Figure 38 illustrates changes in 
power of aspherical surfaces, wherein the axis of ordinate represents the height of aspherical surface from the optical 
axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 
number. The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 
vature power, respectively. Figure 39 illustrates aberrations of this example. 

15 [0390] In Numerical Example 1 3, surfaces r1 - r6 belong to a positive first lens group G1 , all of which are spherical 
surfaces. Surfaces r7 - r1 2 belong to a negative second lens group G2, all of which are spherical surfaces. Surfaces r13 
- r1 8 belong to a positive third lens group G3, all of which are spherical surfaces. Surfaces r1 9 - r24 belong to a negative 
fourth lens group G4, wherein r19 and r20 are aspherical surfaces. Surfaces r25 - r34 belong to a positive fifth lens 
group G5, all of which are spherical surface. Surfaces r35 - r40 belong to a negative sixth lens group G6, all of which 

20 are spherical surfaces. Surfaces r41 - r52 belong to a positive seventh lens group G7, wherein r49 is an aspherical sur- 
face. 

[0391] In this example, as shown in Table 13. first the condition of equation (1) for correction of the Petzval sum is 
satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3), two aspherical surfaces are 
placed in the fourth lens group, by which the telecentricity, distortion aberration and curvature of field, for example, are 
25 corrected well. 

[0392] The first lens group is provided by three positive lenses, 
[0393] The second lens group is provided by three negative lenses. 
[0394] The third lens group is provided by three positive lenses. 

[0395] The fourth lens group is provided by three negative lenses, and they serve mainly to correct the Petzval sum. 
30 In the surfaces r19 and r21, the local curvature powers slightly change in opposite directions, thus satisfying the func- 
tion as defined by condition (a1) described above. In total, there remains the positive direction, which is effective to can- 
cel, at higher orders, the diverging action of this lens group. 
[0396] The fifth lens group is provided by five positive lenses. 

[0397] The sixth lens group is provided by three negative lenses, and mainly they serve to correct the Petzval sum. 
35 [0398] The seventh lens group is provided by six positive lenses. In the aspherical surface at r49, the local curva- 
ture power changes in the negative direction, to thereby correct distortion and comma, for example. 
[0399] With this arrangement, aberrations are corrected satisfactorily, as illustrated in Figure 39. 

[Example 14] 

40 

[0400] Rgure 40 is a lens sectional view of a projection optical system according to Numerical Example 14 of the 
present invention. The projection optical system has a reference wavelength 193 nm, a numerical aperture NA= 0.65, 
a projection magnification p = 1:4, a lens conjugate distance L = 1000 mm, and an exposure region of diameter 027.3 
mm. This optical system is accomplished by lenses of a number 22 (twenty-two) which is small as a seven-group type 

45 lens system. It uses four aspherical surfaces. 

[0401] Table 14 shows specifications of this example, in regard to the conditions. Rgure 41 illustrates changes in 
power of aspherical surfaces, wherein the axis of ordinate represents the height of aspherical surface from the optical 
axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 
number. The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 

50 vature power, respectively. Figure 42 illustrates aberrations of this example. 

[0402] In Numerical Example 14, surfaces r1 - r4 belong to a positive first lens group G1. wherein r3 is an aspher- 
ical surface. Surfaces r5 - rIO belong to a negative second lens group G2, wherein. r8 is an aspherical surfaces. Sur- 
faces r1 1 - r16 belong to a positive third lens group G3, wherein r13 is an aspherical surface. Surfaces r1 7 - r20 belong 
to a negative fourth lens group G4, all of which are spherical surfaces. Surfaces r2l - r26 belong to a positive fifth lens 

55 group G5, all of which are spherical surfaces. Surfaces r27 - r30 belong to a negative sixth lens group G6, all of which 
are spherical surfaces. Surfaces r31 - r44 belong to a positive seventh lens group G7, wherein r43 is an aspherical sur- 
face. 

[0403] In this example, as shown in Table 1 4, first the condition of equation (1 ) for connection of the Petzval sum is 
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satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3). one aspherical surface is 
placed in the first lens group, one aspherical surface is placed in the second lens group, and one aspherical surface is 
placed in the third lens group. With this arrangement, the telecentricity. distortion abenBtion. curvature of field, and sag- 
ittal transverse aberration, for example, are well corrected. 

[0404] The first lens group is provided by two positive lenses. In the aspherical surface at r3, the local curvature 
power changes in the negative direction, this being effective to cancel, at higher orders, the converging action of this 
lens group itself. 

[0405] The second lens group is provided by three negative lenses. In the aspherical surface at r8. the local curva- 
ture power changes, in the central portion, In negative direction and thus the function of condition (al) is satisfied. In 
the peripheral portion, the power changes in the positive direction to thereby cancel, at higher orders, the diverging 
action of this lens group itself. Further, In the peripheral portion, the change in the local curvature power is in the oppo- 
site direction in relation to the surface rS of the first lens group, such that the function defined by condition (al ) is satis- 
fied. 

[0406] The third lens group is provided by three positive lenses. In the aspherical surface at r1 3, the local curvature 
power changes, in the central portion, in the positive direction and thus the function of condition (al) is satisfied. In the 
peripheral portion, the power changes in the negative direction to thereby cancel, at higher orders, the converging 
action of this lens group itself. Further, in the peripheral portion, the change in the local curvature power is in the oppo- 
site direction in relation to the surface r8 of the second lens group, such that the function defined by condition (a1) is 
satisfied. 

[0407] The fourth lens group is provided by two negative lenses, and they serve mainly to correct the Petzval sum. 
[0408] The fifth lens group is provided by three positive lenses. 

[0409] The sixth lens group is provided by two negative lenses, and mainly th^ serve to correct the Petzval sum. 
[0410] The seventh lens group is provided by six positive lenses and one negative lens. The aspherical surface at 
r43 includes a region in which the local curvature power changes in the negative direction, to thereby correct spherical 
aberration, comma, and distortion, for example. 

[0411 J With this an^ngement, aben^tions are corrected satisfactorily, as illustrated in Figure 42. 
[Example 15] 

[0412] Figure 43 is a lens sectional view of a projection optical system according to Numerical Example 15 of the 
present invention. The projection optical system has a reference wavelength 193 nm, a numerical aperture NA= 0.65. 
a projection magnification p = 1:4, a lens conjugate distance L = 1000 mm. and an exposure region of diameter 027.3 
mm. This optical system is accomplished by lenses of a number 20 (twenty) which is small as a seven-group type lens 
system. It uses eight aspherical surfaces. 

[0413] Table 15 shows specifications of this example, in regard to the conditions. Figure 44 illustrates changes in 
power of aspherical surfaces, wherein the axis of ordinate represents the height of aspherical surface from the optical 
axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 
number. The leftward and rightward directions correspond to negative and positive directions of the change In local cur- 
vature power, respectively. Figure 45 illustrates aberrations of this example. 

[0414] In Numerical Example 15, surfaces r1 - r4 belong to a positive first lens group G1. wherein r2 is an aspher- 
ical surface. Surfaces r5 - rS belong to a negative second lens group G2. wherein r8 is an aspherical surface. Surfaces 
r9 - r12 belong to a positive third lens group 33, wherein rIO is an aspherical surface. Surfaces r13 - r16 belong to a 
negative fourth lens group G4. wherein r15 is an aspherical surface. Surfaces r17 - f22 belong to a positive fifth lens 
group G5. wherein rlB is an aspherical surface. Surfaces i23 - r26 belong to a negative sixth lens group G6, wherein 
r25 is an aspherical surface. Surfaces r27 - r40 belong to a positive seventh lens group G7. wherein r30 and r39 are 
aspherical surfaces, 

[041 5] In this example, as shown in Table 1 5, first the condition of equation (1 ) for correction of the Petzval sum is 
satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3). one aspherical surface is intro- 
duced into each of the first, second, third, and fourth lens groups, by which the telecentricity. distortion aben^ation. cur- 
vature of field, and sagittal transverse aberration, for example, are well corrected, 

[0416] The first lens group is provided by two positive lenses. In the aspherical surface at f2, the local curvature 
power changes in the positive direction, thus satisfying the function of condition (a3) described above. 
[041 7] The second lens group is provided by two negative lenses. In the aspherical surface at r8, the local curvature 
power changes in the negative direction, thus satisfying the function of condition (a2). Further, the change in the local 
curvature power is in the opposite direction in relation to the surface r2 of the first lens group, such that also the function 
defined by condition (al) is satisfied. 

[0418] The third lens group is provided by two positive lenses. In the aspherical surface at rlO, the local curvature 
power changes in the positive direction, thus satisfying the function of condition (a3). Further, the change in the local 
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curvature power is in the opposite direction in relation to the surface r8 of the second lens group, such that also the func- 
tion defined by condition (a1) is satisfied. 

[0419] The fourth lens group is provided by two negative lenses, and they serve mainly to correct the Petzval sum. 

In the aspherical surface at r15, the local curvature power changes in the negative direction, in the central portion 
5 thereof, thus satisfying the function as defined by condition (a2) described above. In the peripheral portion, it changes 

in the positive direction, which is effective to cancel, at higher orders, the diverging action of this lens group itself. 

[0420] The fifth lens group is provided by three positive lenses. The aspherical surface at r18 includes a region in 

which the local curvature power changes in the negative direction, thus connecting the spherical aberration, for example. 

[0421] The sixth lens group is provided by two negative lenses, and mainly they serve to correct the Petzval sum. 
w In the aspherical surface at r25, the local curvature power changes in the negative direction, in the central portion, 

whereas it changes in the positive direction, in the peripheral portion. This effectively cancel, at higher ordere, the 

diverging action of this lens group itself. 

[0422] The seventh lens group is provided by six positive lenses and one negative lens. The aspherical surface at 
r30 include a region in which the local curvature power changes in the negative direction, to thereby mainly correct 
15 spherical aberration. In the aspherical surface 39r, the change in local curvature power at the central portion is slightly 
in the negative direction, while at the peripheral portion it is in the positive direction, by which distortion and comma are 
corrected. 

[0423] With this an^ngement, aberrations are corrected satisfactorily, as illustrated in Figure 45. 
20 [Example 1 6] 

[0424] Figure 46 is a lens sectional view of a projection optical system according to Numerical Example 16 of the 
present invention. The projection optical system has a reference wavelength 1 93 nm, a numerical aperture NA = 0.65, 
a projection magnification |3 = 1:4. a lens conjugate distance L = 1000 mm, and an exposure region of diameter 027.3 

25 mm. This optical system is accomplished by lenses of a number 17 (seventeen) which is extraordinarily small as a 
seven-group type lens system. It uses eight aspherical surfaces, all being provided on bi-aspherical surfece lens. 
[0425] Table 16 shows specifications of this example, in regard to the conditions. Figure 47 illustrates changes In 
power of aspherical surfaces, wherein the axis of ordinate represents the height of aspherical surface from the optical 
axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 

30 number The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 
vature power, respectively. Figure 48 illustrates aberrations of this example. 

[0426] In Numerical Example 16, surfaces r1 - r2 belong to a positive first lens group G1, wherein r1 and r2 are 
aspherical surfaces (of a bi-aspherical surface lens). Surfaces r3 - r4 belong to a negative second lens group G2, 
wherein r3 and r4 are aspherical surfaces (of a bi-aspherical surface lens). Surfaces rS - rS belong to a positive third 

35 lens group G3, all of which are spherical surfaces. Surfaces r9 - rl 2 belong to a negative fourth lens group G4. wherein 
r9 and riO are aspherical surfaces (of a bi-aspherical surface lens). Surfaces r13 - rl6 belong to a positive fifth lens 
group G5, ail of which are spherical surfaces. Surfaces r17 - r20 belong to a negative sixth lens group G6, ail of which 
are spherical surfaces. Surfaces r21 - r34 belong to a positive seventh lens group G7, wherein r33 and r34 are aspher- 
ical surfaces (of a bi-aspherical surface lens). 

40 [0427] In this example, as shown in Table 1 6. first the condition of equation (1 ) for con-ection of the Petzval sum Is 
satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3). one aspherical surface is intro- 
duced into each of the first, second, fourth and seventh lens groups, by which the telecentricity. distortion aberration, 
and curvature of field, for example, are well corrected. 

[0428] The first lens group is provided by one positive lens. The aspherical surface at rl and r2 include regions in 
45 which their local curvature powers change with mutually opposite signs, thus satisfying the function of condition (a1) 
described above as well as the function of condition (a3). In total, there remains the power change in the positive direc- 
tion. 

[0429] The second lens group is provided by one negative lens. The aspherical surfaces at r3 and r4 includes 
regions in which the local curvature powers change with mutually opposite signs, thus satisfying the functions of condi- 
50 tions (a1) and (a2). In total, there remains a power change in the negative direction, and the group is in the cancelling 
relation with the first group. Also in this respect, the function defined by condition (a1) is satisfied. 
[0430] The third lens group is provided by two positive lenses, and they are effective to correct meridional or sagittal 
transverse aberrations, 

[0431] The fourth lens group is provided by two negative lenses. The aspherical surfaces at r9 and r10 are in a 
55 weak cancelling relation with each other, at the outermost peripheral portion. In total, however, a power change in the 
positive direction remains. Thus, it functions to cancel the diverging action of this lens system itself. 
[0432] The fifth lens group is provided by two positive lenses. 

[0433] The sixth lens group is provided by two negative lenses, and mainly they serve to correct the Petzval sum. 
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[0434] The seventh lens group Is provided by six positive lenses and one negative lens. In the aspherical surfaces 
at r33 and r34, their local curvature powers change with mutually opposite signs, in the peripheral portion, thus satisfy- 
ing the function of condition (a1) described above. In total, a power change in the negative direction remains, which 
effectively con*ect distortion, comma and spherical abeoation. for example. 
5 [0435] With this an^ngement. aben^tlons are corrected satisfactorily, as illustrated in Figure 48. 

[Example 17] 

[0436] Figure 49 Is a lens sectional view of a projection optical system according to Numerical Example 1 7 of the 
10 present Invention, which is particularly suitably used in an apparatus for producing a pattern for a liquid crystal device. 
The projection optical system has a reference wavelength 435.8 nm (g-line), a numerical aperture NA = 0. 1 0, a projec- 
tion magnification p = 1 :1 .25. a lens conjugate distance L = 1250 mm, and an exposure region of diameter 085,0 mm. 
This optical system is accomplished by lenses of a small number 26 (twenty). It uses five aspherical surfaces. 
[0437] Table 1 7 shows specifications of this example. In regard to the conditions. Figure 50 illustrates changes in 
15 power of aspherical surfaces, wherein the axis of ordinate represents the height of aspherical surface from the optical 
axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 
number The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 
vature power, respectively. Figure 51 illustrates aberrations of this example. 

[0438] Chromatic aberration is taken into consideration in this example. When glass materials have following ref rac- 
20 tive indices (n) with respect to g-line: 

Refractive Index n =1 .603377 
= 1 .594224 
= 1 .480884 

25 

then, they have following refractive indices with respect to h-line (404.7 nm): 

Refractive index n =1 .607780 
= 1 .600939 

30 = 1 .483290 



[0439] In Numerical Example 1 7. surfaces r1 - r8 belong to a positive first lens group G 1 , wherein r2 is an aspher- 
ical surface. Surfaces r9 - r1 6 belong to a negative second lens group G2. wherein r13 is an aspherical surface. Sur- 
faces r1 7 - r1 8 belong to a positive third lens group 33, all of which are spherical surfaces. Surfaces r19 - r24 belong to 
35 a negative fourth lens group G4, all of which are spherical surfaces. Surfaces r25 - r30 belong to a positive fifth lens 
group G5, wherein r27 is an aspherical surface. Surfaces r31 - r42 belong to a negative sixth lens group G6, wherein 
r34 is an aspherical surface. Surfaces r43 - r48 belong to a positive seventh lens group G7. wherein r47 is an aspherical 
surface. 

[0440] In this example, as shown in Table 1 7, first the condition of equation (1 ) for correction of the Petzval sum is 
40 satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3). one aspherical surface is intro- 
duced into each of the first, second, sixth and seventh lens groups, by which the telecentricity, distortion aberration, and 
curvature of field, for example, are well corrected. This optical system has a magnification 1.25x which is greater than 
the unit magnification, and, even at the image plane side, a chief ray passes a high position. Therefore, introducing an 
aspherical surface also into the sixth and seventh lens group is effective. 
45 [0441] In the aspherical surface r13 of the second lens group, the function of condition (a2) described above is sat- 
isfied. Also, through the relation with the aspherical surface r34 of the sixth lens group and the aspherical surface r47 
of the seventh lens group, the function defined by condition (al) is satisfied. 

[0442] In the aspherical surface r27 of the fifth lens group, the local curvature power changes in the negative direc- 
tion and, thus, mainly the spherical aberration is corrected. 
so [0443] With this anangement, aberrations are connected satisfactorily, as illustrated in Figure 51 . 

[Example 1 8] 

[0444] Figure 55 is a lens sectional view of a projection optical system according to Numerical Example 18 of the 
55 present invention. The projection optical system has a reference wavelength 193 nm, a numerical aperture NA = 0.65. 
a projection magnification p = 1:4, a lens conjugate distance L = 1000 mm, and an exposure region of diameter 027.3 
mm. This optical system is accomplished by lenses of a small number 13 (thirteen). It uses five aspherical surfaces. 
[0445] Table 18 shows specifications of this example, in regard to the conditions. Figure 56 illustrates changes in 
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power of aspherical surfaces, wherein the axis of ordinate represents the height of aspherical surface from the optical 
axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 
number The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 
vature power, respectively. Figure 57 illustrates aberrations of this example. 

5 [0446] In Numerical Example 18. surfaces r1 - r8 belong to a positive first lens group Gl, wherein r2 and r5 are 
aspherical surfaces. Surfaces r9 - r14 belong to a negative second lens group G2. wherein r10 and r12 are aspherical 
surfaces. Surfaces r15 - r26 belong to a positive third lens group G3, wherein r19 is an aspherical surface. 
[0447] In this example, as shown in Table 18. first the condition of equation (1 ) for con-ection of the Petzval sum is 
satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3), four aspherical surface are 

10 used. Namely, two aspherical surfaces are placed in the first lens group, and two aspherical surfaces are placed In the 
second lens group. With this arrangement, the telecentricity, distortion aberration and curvature of field, for example, 
are corrected well. 

[0448] The first lens group is provided by one negative lens and three positive lenses. In the aspherical surfaces at 
r2 and r5, their local curvature powers gradually change in the positive direction. Thus, the function as defined by con- 

15 dition (b2) described above is satisfied. 

[0449] The second lens group is provided by three negative lenses. The aspherical surfaces at rIO and r1 2 include 
regions in which their local curvature powers change with mutually opposite signs to cancel with each other, for correc- 
tion for correction of higher orders of field curvature and distortion, for example. Thus, the function as defined by con- 
dition (bl) described above is satisfied. 

20 [0450] Additionally, in the relationship between the surface rIO and the surfaces r2 and r6 of the first lens group, 
there are regions in which the local curvature powers change with mutually opposite signs. Thus, also in this respect, 
the function of condition (bl) is satisfied. This is effective for correction of the telecentricity and distortion, for example. 
[0451] The third lens group is provided by five positive lenses and one negative lens. Only the surface at r19 is an 
aspherical surface wherein the local curvature power changes in the negative direction mainly for correction of the 

25 spherical aben'ation. Thus, the functions of conditions (b3) and (b4) described above are satisfied. 

[0452] In the lens system, a pair of lenses; comprising a negative meniscus lens having its concave surface facing 
to the image plane side and a positive meniscus lens having a first concave surface facing to the image plane side, are 
disposed, to assist correction of field curvature, comma aberration and distortion aberration. 
[0453] With this an^ngement, aberrations are con-ected satisfactorily, as illustrated in Figure 57. 

30 

[Example 1 9] 

[0454] Rgure 58 is a lens sectional view of a projection optical system according to Numerical Example 1 9 of the 
present invention. The projection optical system has a reference wavelength 193 nm, a numerical aperture NA = 0.65, 

35 a projection magnification (j = 1 :4. a lens conjugate distance L = 1 000 mm. and an exposure region of diameter 027.3 
mm. This optical system is accomplished by lenses of a small number 14 (fourteen). It uses eight aspherical surfaces. 
[0455] Table 19 shows specifications of this example, in regard to the conditions. Figure 59 illustrates changes in 
power of aspherical surfaces, wherein the axis of ordinate represents the height of aspherical surface from the optical 
axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 

40 number. The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 
vature power, respectively. Figure 60 illustrates aberrations of this example. 

[0456] In Numerical Example 19, surfaces r1 - r6 belong to a positive first lens group G1, wherein r1 and r2 are 
aspherical surfaces. Surfaces r7 - r12 belong to a negative second lens group G2, wherein r8, r9 and riO are aspherical 
surfaces. Surfaces r13 - r28 belong to a positive third lens group G3, wherein r16, r21 and r27 are aspherical surfaces. 
45 [0457] Each of the lenses having surfaces r1 and r2; r8 and r9 is a bi-aspherical surface lens having aspherical sur- 
faces on both sides thereof. 

[0458] In this example, as shown in Table 1 9. first the condition of equation (1 ) for connection of the Petzval sum is 
satisfied. Then, as aspherical surfaces satisfying the conditions of equations (2) and (3), five aspherical surface are 
used. Namely, two aspherical surfaces are placed in the first lens group, and three aspherical surface is placed in the 
50 second lens group. With this arrangement, the telecentricity, distortion aberration and curvature of field, for example, 
are corrected well. 

[0459] The first lens group is provided by three positive lenses. In the aspherical surfaces at r1 and r2 which are the 
surfaces of a bi-aspherical surface lens, their local curvature powers change with mutually opposite signs to cancel with 
each other, thus satisfying the function defined by condition (bl) described above and, simultaneously, the function of 
55 condition (b2) described above. 

[0460] The second lens group is provided by three negative lenses. At the aspherical surfaces r9 and r1 0 which are 
the surfaces of a bi-aspherical surface lens, the local curvature powers change with mutually opposite signs to cancel 
with each other. Thus, the function of condition (bl ) is satisfied. 
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[0461 ] Similarly, between the surfaces r8 and r1 0, between the surfaces r2 and r8, and between the surfaces r2 and 
r9. the function defined by condition (b1 ) is satisfied. Thus, through mutual cancellation, the telecentriclty, distortion and 
field curvature, for example, are well corrected. Further, because a bi-aspherlcal surface lens is used to provide the 
function of condition (bl), the influence of any eccentricity due to the lens manufacture can be reduced. 

5 [0462] The third lens group is provided by seven positive lenses and one negative lens. In the aspherical surfaces 
at r16 and r21, the local curvature power changes in the negative direction so as mainly to con-ect the spherical aber- 
ration. Thus, the function of condition (bS) is satisfied. In the aspherical surface at r27, the local curvature power thereof 
at the peripheral portion changes in the positive direction, thus satisfying the function of condition (b4). 
[0463] In the lens system, a pair of lenses, comprising a negative lens having a second concave surface facing to 

10 the image plane side and a positive meniscus lens having its first concave surface facing to the Image plane side, are 
disposed, to assist con-ection of field curvature, comma abenration and distortion aberration. 
[0464] With this arrangement, aberrations are conrected satisfactorily, as illustrated in Figure 60. 

[Examples 20 - 24] 

15 

[0465] Next, important features of lens structures of projection optical systems according to Numerical Examples 
20 - 24 of the present invention will be described. In these examples, the projection optical system is made substantially 
telecentric on the object side (reticle side) and on the image plane side (wafer side). It has a projection magnification P 
= 1:4, a numerical aperture NA = 0.65. and an object-to-image distance (from object plane to image plane) L = 1O0O 
20 mm. The reference wavelength is 193 nm. As regards the picture plane range, the diameter of an exposure area on a 
. wafer is 027.3 mm. 

[0466] In Figures 62, 65, 68, 71 and 74. the axis of ordinate represents the height of aspherical surface from the 
optical axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical 
surface number. The leftward and rightward directions correspond to negative and positive directions of the change in 
25 local curvature power, respectively. 

(Example 20). 

[0467] In Numerical Example 20 shown in Figure 61 , the lens system comprises, in an order from the object side, 
3o a first lens group LI having a positive refractive power, a second lens group 12 having a negative refractive power, a 
third lens group L3 having a positive refractive power, a fourth lens group L4 having a negative refractive power, and a 
fifth lens group L5 having a positive refractive power and including a front unit LSI with a positive refractive power and 
a rear unit L52 having a positive refractive power. 

[0468] The lens optical system uses seven aspherical surfaces. Table 20 shows values corresponding to conditions 
35 of equations (2), (3) and (1 ). In Table 20. only those aspherical surfaces that satisfy condition (2) are shown. Figure 63 
shows aberrations, and Figure 62 shows changes in local curvature power of the aspherical surface. 
[0469] Details of the lens structure will be described below. 

[0470] The first lens group L1 comprises, in an order from the object side, a positive lens of plane-convex shape 
having a convex surface facing to the image plane side, a positive lens of meniscus shape having a concave surface 
4o facing to the object side, an aspherical surface lens of meniscus shape having a convex surface facing to the object 
side. 

[0471] The aspherical surface at rS Includes a region in which the local curvature power changes in the positive 
direction, satisfying the function of (c3) described above. With this aspherical surface, mainly a positive distortion is pro- 
duced to contribute correction of distortion aberration. 
45 [0472] The second lens group L2 comprises, in an order from the object side, a negative lens of meniscus shape 
having a concave surface facing to the image side, an aspherical surface negative lens of biconcave shape, and a neg- 
ative lens of biconcave shape. 

[0473] With the placement of plural negative lenses as in this example, the Petzval sum is well corrected while dis- 
persing a strong refractive power. The aspherical surface at rIO includes a region in which the local curvature power 
50 changes in the negative direction, satisfying the function of condition (c2) described above. Also, in the relation with the 
surface r1 0 of the first lens group LI , there are regions in which the local curvature powers change in the opposite direc- 
tions, thus satisfying the function of condition (cl). 

[0474] The third lens group L3 has a positive refractive power so as to transfomi a divergent light from the second 
lens group L2 into a convergent light. In an order from the object side, it comprises a positive lens of biconvex shape, 
55 an aspherical surface positive lens of biconvex shape, and a positive lens of biconvex shape. Due to the strong positive 
refractive power of the third lens group L3. the incidence height on the fourth lens group L4 having a negative refractive 
power is made low and. by making the refractive power of the fourth lens group L4 strong, the Petzval sum is corrected 
satisfactorily. Further, with use of an aspherical surface, spherical aben^tion and comma aberration are well con-ected. 
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[0475] The fourth lens group L4 comprises, in an order from the object side, a negative lens of biconcave shape, 
and an aspherical surface negative lens of biconcave shape. The fourth lens group L4 and the second lens group 12 
bear a strong negative refractive power, by which the Petzval sum can be corrected successfully. Further, by use of an 
aspherical surface, mainly spherical aberration and comma aberration which are produced at a concave surface having 

5 a strong curvature can be corrected effectively. 

[0476] The fifth lens group L5 has a positive refractive power, so that an optical system being telecentric on the 
image side is provided. In an order from the object side, it comprises an aspherical surface positive lens of biconvex 
shape, a positive lens of biconvex shape, an aspherical surface positive lens of biconvex shape, a positive lens of 
meniscus shape having a concave surface facing to. the image side, a positive lens of nienlscus shape having a concave 

10 surface facing to the Image side, and an aspherical surface negative lens of meniscus shape having a concave surface 
facing to the image side. 

[0477] The aspherical surface used at a concave surface close to the image plane is contributabie mainly to correc- 
tion of comma and distortion. 

[0478] In this example, by using seven aspherical surface lenses, an optical system of large numerical aperture 
15 (NA) is provided with a lens number of 1 7 (seventeen). 

[0479] In this example, each of the first to fourth lens groups LI - L4 is provided with one aspherical surface while 
the fifth lens group L6 is provided with three aspherical surfaces. However, each of the first to fourth lens groups msy 
have more than one aspherical surface. Also, there may be a lens group having no aspherical surface. This is also with 
the case of other examples to be described below. 

20 

(Example 21) 

[0480] Figure 64 shows Numerical Example 21 whbh differs from Numerical Example 20 of Figure 61 in the point 
of the lens structure of the first and fifth lens groups L1 and L5 and the magnification and focal length of each lens 
25 group. The remaining portion has essentially the same structure. 

[0481] The lens optical system uses eight aspherical surfaces. Table 21 shows values corresponding to conditions 
of equations (2), (3) and (1 ). Figure 66 shows aberrations, and Figure 65 shows changes in local curvature power of the 
aspherical surface. 

[0482] Details of the lens structure will be described below. 
30 [0483] The first lens group LI comprises, in an order from the object side, an aspherical surface positive lens of 
biconvex shape, a negative lens of meniscus shape having a concave surface facing to the image side, and a positive 
lens of biconvex shape. The aspherical surface on the second surface is effective to correct, with good balance, the dis- 
tortion aberration produced at the first and second lens groups L1 and L2. 

[0484] The second lens group L2 comprises, in an order from the object side, two negative lenses of approximately 
35 plane-concave shape having a concave surface facing to the image side, and an aspherical surface negative lens of 
biconcave shape. 

[0485] The aspherical surface at rl 0 includes a region in which the local curvature power changes In the negative 
direction, thus satisfying the function of condition (c2) described above. Also, in the relation between the surfaces r10 
and rl 1 , there are regions in which the local curvature powers change in the opposite directions, thus satisfying the 
40 function of condition (c1). Further, the surface r2 of the first lens group LI and the surface r1 1 of the second lens group 
L2 include regions in which their local curvature powers change in opposite directions, and the function of condition (c1) 
described above is satisfied. 

[0486] The third lens group L3 comprises, in an order from the object side, a positive lens of meniscus shape having 
a convex surface facing to the image side, a positive lens of biconvex shape, and an aspherical surface positive lens of 
45 biconvex shape. 

[0487] In this example, a fluorite lens is introduced into the third lens group L3, and a similar f I uorite lens is used In 
the fifth lens group L5. for correction of chromatic aberration. 

[0488] The fourth lens group L4 comprises, in an order from the object side, a negative lens of biconcave shape, 
and an aspherical surface negative lens of biconcave shape. By use of an aspherical surface, spherical aben^tion and 
50 comma aberration, for example, which are produced at a concave surface having a strong curvature can be corrected 
effectively. 

[0489] The fifth lens group L5 comprises, in order from the object side, an aspherical surface positive lens of menis- 
cus shape having a convex surface facing to the image side, a positive lens of biconvex shape, an aspherical surface 
positive lens of biconvex shape, two positive lenses of meniscus shape having a concave surface facing to the image 
55 side, a negative lens of meniscus shape having a concave surface facing to the image side, and an aspherical surface 
positive lens of meniscus shape having a concave surface facing to the image side, 

[0490] In the fifth lens group L5, an aspherical surface is placed at a position where an axial light flux, which is a 
light flux emitted from an optical axis upon the object plane, is high, and this aspherical surface is used mainly for cor- 
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rection of negative spherical aberration to be produced in the fifth lens group L5 having a strong positive refractive 
power. 

[0491] The aspherical surface used at a convex surface adjacent to the image plane is mainly contributable to cor- 
rection of comma and distortion. 

[0492] In this example, by using eight aspherical surface lenses, an optical system of large numerical aperture (NA) 
is provided with a lens number of 1 9 (nineteen). 

(Example 22) 

[0493] Figure 67 Shows Numerical Example 22 in which the lens optical system uses seven aspherical surfaces. 
Table 22 shows values corresponding to conditions of equations (2), (3) and (1). Figure 69 shows aberrations, and Fig- 
ure 68 shows changes in local curvature power of the aspherical surface. A main difference of this example over Numer- 
ical Example 20 is that the aspherical surface lenses include at least one aspherical surface lens having a plane surface 
at a side opposite to the aspherical surface thereof. In this example, six of seven aspherical surface lenses has a plane 
surface formed at a side opposite to an aspherical surface thereof. 
[0494] Details of the lens structure will be described below. 

[0495] The first lens group L1 comprises, in an order from the object side, a positive lens of plane-convex shape 
having a convex surface facing to the image side, and an aspherical surface positive lens of plane-convex shape having 
a convex surface facing to the object side. The aspherical surface at rS Includes a region in which the local curvature 
power changes in the positive direction, thus satisfying the function defined by condition (c3) described above. 
[0496] The second lens group L2 comprises, in an order from the object side, a negative lens of meniscus shape 
having a concave surface facing to the image side, an aspherical surface negative lens of plane-concave shape, and a 
negative lens of biconcave shape. With a strong negative refractive power, the Petzval sum is corrected satisfactorily. 
The aspherical surface at r8 includes a region in which the local curvature power changes in the negative direction, thus 
satisfying the function defined by condition (c2) described above. Also, in the relation with the surface r3 of the first lens 
group L1, there are regions in which their local curvature powers change in mutually opposite directions. Thus, also the 
function defined by condition (c1 ) described above is satisfied. 

[0497] The third lens group L3 comprises, in an order from the object side, an aspherical surface positive lens hav- 
ing a convex surface facing to the image side, and two positive lenses of biconvex shape. Since the third lens group L3 
should have a strong positive refractive power, it is provided by plural positive lenses. 

[0498] The fourth lens group L4 comprises, in an order from the object side, an aspherical surface negative lens of 
plane-concave shape having a concave surface facing to the Image plane, and a negative lens of biconcave shape. By 
use of an aspherical su rface. higher order spherical aben*ation and comma aberration, for example, which are produced 
at a concave surface having a strong curvature can be corrected effectively. 

[0499] The fifth lens group L5 comprises. In order from the object side, an aspherical surface positive lens of plane- 
convex shape having a convex surface facing to the image side, a positive lens of biconvex shape, an aspherical surface 
positive lens of plane-convex shape having a convex surface facing to the object side, a positive lens of meniscus shape 
having a concave surface facing to the Image side, a negative lens of meniscus shape having a concave surface facing 
to the image side, and an aspherical surface positive lens of meniscus shape having a concave surface facing to the 
Image side. 

[0500] In the fifth lens group L5. the aspherical surface is placed at a position where an axial light flux, which is a 
light flux emitted from an optical axis upon the object plane, is high, and this aspherical surface is used mainly for cor- 
rection of negative spherical aberration to be produced in the fifth lens group L5 having a strong positive refractive 
power. 

[0501] In this example, by using seven aspherical surface lenses, an optical system of large numerical aperture 
(NA) is provided with a lens number of 1 6 (sixteen). 

(Example 23) 

[0502] Figure 70 shows Numerical Example 23 which differs from Numerical Example 22 of Figure 67 mainly in the 
point of the lens structures of second, third and fifth lens groups L2. L3 and L5. 

[0503] In this example, six of seven aspherical surface lenses has a plane surface formed at a side opposite to an 
aspherical surface thereof. 

[0504] The lens optical system uses seven aspherical surfaces. Table 23 shows values corresponding to conditions 
of equations (2), (3) and (1 ). Figure 72 shows aberrations, and Figure 71 shows changes in local curvature power of the 
aspherical surface. 

[0505] Details of the lens structure will be described below. 

[0506] The first lens group LI comprises, in an order from the object side, an aspherical surface positive lens of 
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plane-convex shape having a convex surface facing to the image side, and an aspherical surface positive lens of plane- 
convex shape having a convex surface facing to the object side. The aspherical surface at r3 includes a region in which 
the local curvature power changes in the positive direction, thus satisfying the function defined by condition (c3) 
described above. 

[0507] The second lens group L2 comprises, in an order from the object side, an aspherical surface negative lens 
of plane-concave shape having a concave surface facing to the image side, and a negative lens of biconcave shape. 
The aspherical surface at r8 includes a region in which the local curvature power changes in the negative direction, thus 
satisfying the function defined by condition (c2) described above. Also, in the relation with the surface r3 of the first lens 
group LI . there are regions in which their local curvature powers change in mutually opposite directions. Thus, also the 
function defined by condition (cl ) described above is satisfied. Further, In the relation with the surface r6 of the second 
lens group L2. it is seen that there are regions In which their local curvature powers change In mutually opposite direc- 
tions. 

[0508] The third lens group L3 comprises, In an orcler from the object side, an aspherical surface positive lens of 
plane-convex shape having a convex surface facing to the image side, two positive lenses of biconvex shape, and a 
positive meniscus lens having a concave surface facing to the image side. 

[0509] The fourth lens group L4 comprises, in an order from the object side, an aspherical surface negative lens of 
plane-concave shape having a concave surface facing to the image side, and a negative lens of biconcave shape. 
[0510] The fifth lens group L5 comprises, in order from the object side, an aspherical surface positive lens of plane- 
convex shape having a convex surface facing to the image plane side, a positive lens of biconvex shape, an aspherical 
surface positive lens of plane-convex shape having a convex surface facing to the object side, a positive lens of bicon- 
vex shape, and a positive meniscus lens having a concave surface facing to the image side. 

[0511] In this example, by using seven aspherical surface lenses, an optical system of large numerical aperture 
(NA) is provided with a lens number of 1 5 (fifteen). 

[0512] As an alternative form, all the aspherical surface lenses may have a plane surface at a side opposite to the 
aspherical surface thereof. 

(Example 23) 

[0513] Rgure 73 shows Numerical Example 24 which differs from Numerical Examples 20 - 23 in that, among 
aspherical surface lenses, there is at least one lens (bi-aspherical surface lens) having aspherical surfaces on both 
faces thereof. 

[0514] In this example, ail six aspherical surface lenses used are bi-aspherical surface lenses. 
[051 5] The lens optical system uses seven aspherical surfaces. Table 24 shows values corresponding to conditions 
of equations (2), (3) and (1). Figure 75 shows aberrations, and Figure 74 shows changes in local curvature power of the 
aspherical surface. 

[0516] Details of the lens structure will be described below. 

[0517] The first lens group LI comprises, in an order from the object side, a bi-aspherical surface positive lens of 
approximately plane-convex shape having a convex surface facing to the object side. The aspherical surface at rl 
Includes a region in which the locat curvature power changes in the positive direction, thus satisfying the function 
defined by condition (c3) described above. Also, in the relation with the surface r2, there are regions in which the local 
curvature powers change in mutually opposite directions, and the function of condition (c1 ) described above is satisfied. 
[0518] The second lens group L2 comprises, in an order from the object side, a positive lens of meniscus shape 
having a concave surface facing to the image side, a bi-aspherical surface negative lens of biconcave shape, and a neg- 
ative lens of approximately plane-concave shape having a concave surface facing to the object side. 
[0519] The aspherical surface at r3 includes a region in which the local curvature power changes in the negative 
direction, thus satisfying the function defined by condition (c2) described above. Also, in the relation with the surface r4, 
there are regions in which their local curvature powers change in mutually opposite directions. Thus, also the function 
defined by condition (cl) described above Is satisfied. Further, in the relation with the surface r6 of the second lens 
group L2. it is seen that there are regions in which their local curvature powers change in mutually opposite directions. 
[0520] Further, in the aspherical surface rl of the first lens group L1 and the aspherical surfaces rS and r4 of the 
second lens group L2, at the peripheral portions the local curvature powers change in mutually opposite directions. 
[0521] The third lens group L3 comprises, in an order from the object side, a bi-aspherical surface positive lens of 
approximately plane-convex shape having a convex surface facing to the image side, and a positive lenses of meniscus 
shape having a concave surface facing to the image side. 

[0522] The fourth lens group L4 comprises, in an order from the object side, a bi-aspherical surface negative lens 
of biconcave shape, and a negative lens of biconcave shape. 

[0523] The fifth lens group L5 comprises, in order from the object side, a positive lens of biconvex shape, a bi- 
aspherical surface positive lens of biconvex shape, a positive lens of meniscus shape having a concave surface facing 
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to the image side, and a bi-aspherical surface positive lens of meniscus shape having a concave surface facing to the 
image side. 

[0524] In this example, by using six bi-asphericaf surface lenses, an optical system of large numerical aperture (NA) 
is provided with a lens number of 1 3 (thirteen). 

5 [0525] In this example, all the aspherical surface lenses in the lens optical system are bi-aspherical surface lenses 
each having aspherical surfaces on both faces thereof. However, this is not always necessary an aspherical surface 
lens having a spherical surface on a side opposite to the aspherical surface thereof may be used. 
[0526] Further, an aspherical surface (ens having a plane surface on a side opposite to the aspherical surface 
thereof may be included, singly or in combination with an aspherical surface lens having a spherical surface on a side 

10 opposite to the aspherical surface thereof. 

[0527] This example uses six bi-aspherical surface lenses. However, the number of lenses is not limited to this. The 
lens number man by changed in accordance with aberration correction in the optical system being designed. 
[0528] The conical constant k regarding the aspherical surface shape Is taken as zero, in some examples of the 
examples described above. However, the aspherical surface shape may be designed while taking the conical constant 

15 k as a variable, 

[0529] Further, in these examples except Numerical Example 21 . silica is used as a lens glass material. However, 
fluorite may be used. When both silica and fluorlte are used, chromatic aberration can be corrected to be very small. 
[0530] For better imaging performance, additional aspherical surfaces may be used. Particularly, adding an aspher- 
ical surface satisfying conditions (2) and (3) between the object and the stop, is very effective to correct distortion and 

2o curvature of field, for example successfully. 

[0531] In these examples, the exposure light source uses KrF wavelength of 248 nm or ArF wavelength of 1 93 nm. 
However, any other wavelength such as Fg laser wavelength, for example, may be used. Also, the magnification of the 
projection optical system is not limited to 1:4 in these examples. Any other magnification may be used. 
[0532] As described above, with use of aspherical surfaces, the number of lenses can be reduced considerably 

25 and. yet, a projection optical system having a large numerical aperture is accomplished. 

[0533] When a face of an aspherical surface lens at a side opposite to the aspherical surface thereof is made a 
plane surface,, a projection optical system being easy in manufacture and adjustment is provided. When the face at a 
side opposite to the aspherical surface is made a spherical surface, the degree of freedom can be expanded signifi- 
cantly, and better aberration correction is attainable. 

30 

[Examples 25 - 28] 

[0534] Numerical Examples 25 - 28 to be described below concern a projection optical system having a seven- 
group structure. In these examples, the projection optical system comprises, in an order from the object side, a first lens 
group L1 having a positive refractive power, a second lens group L2 having a negative refractive power, a third lens 
group L3 having a positive refractive power, a fourth lens group L4 having a negative refractive power, a fifth lens group 
L5 having a positive refractive power, a sixth lens group L6 having a negative refractive power, and a seventh lens group 
L7 having a positive refractive power. Aspherical surfaces are fomned on appropriate surfaces, whereby a good optical 
performance is obtained. 

[0535] This projection optical system includes three lens groups having a negative refractive power. By distributing 
a strong negative refractive power in the lens optical system into these three lens groups, good correction of the Petzval 
sum is enabled. Also, an optical system of shorter total length can be accomplished. 

[0536] Next, important features of lens structures of projection optical systems according to Numerical Examples 
25 - 28 of the present invention will be described. In these examples, the projection optical system is made substantially 
telecentric on the object side {reticle side) and on the image plane side (wafer side). It has a projection magnification p 
= 1 :4, a numerical aperture NA = 0.65, and an object-to-image distance (from object plane to image plane) L = 1000 
mm. The reference wavelength is 193 nm. As regards the picture plane range, the diameter of an exposure area on a 
wafer is 027.3 mm. 

[0537] In Figures 77, 80. 83 and 86. the axis of ordinate represents the height of aspherical surface from the optical 
axis, being standardized with respect to the effective diameter, and the axis of abscissa denotes the aspherical surface 
number. The leftward and rightward directions correspond to negative and positive directions of the change in local cur- 
vature power, respectively. 

(Example 25) 

55 

[0538] In Numerical Example 25 shown in Figure 76, the lens system comprises, in an order from the object side, 
a first lens group LI having a positive refractive power, a second lens group L2 having a negative refractive power, a 
third lens group L3 having a positive refractive power, a fourth lens group L4 having a negative refractive power, a fifth 
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lens group L5 having a positive refractive power, a sixth lens group L6 having a negative refractive power, and a seventh 
lens group L7 having a positive refractive power. 

[0539] The lens optical system uses seven aspherical surfaces. Table 25 shows values corresponding to conditions 
of equations (1 ), (2) and (3). Figure 78 shows aberrations, and Figure 77 shows changes in local curvature power of the 
aspherical surface. 

[0540] Details of the lens structure will be described below. 

[0541] The first lens group LI comprises an aspherical surface positive lens of plane-convex shape, singly, having 
a convex surface facing to the image plane side. 

[0542] The aspherical surface at r2 Includes a region in which the local curvature power changes in the positive 
direction, satisfying the function of (c3) described above. With this aspherical surface, mainly a positive distortion is pro- 
duced to contribute correction of distortion aben^tion. 

[0543] The second lens group L2 comprises an aspherical surface negative lens of biconcave shape, singly. 
[0544] The aspherical surface at r3 includes a region in which the local curvature power changes in the negative 
direction, satisfying the function of condition (c2) described above. Also, in the relation with the surface r2 of the first 
lens group LI , there are regions in which the local curvature powers change in mutually opposite directions, thus satis- 
fying the function of condition (c1). 

[0545] The third lens group L3 comprises, in an order from the object side, a positive lens of plane-convex shape 
having a convex surface facing to the image side, and an aspherical surface positive lens of approximately plane-con- 
vex shape having a convex surface facing to the object side. 

[0546] The fourth lens group L4 comprises, in an order from the object side, a negative lens of biconcave shape, 
and an aspherical surface negative lens of biconcave shape. The aspherical surface at r1 1 includes a region in which 
the local curvature power changes in the negative direction, satisfying the function of condition (c2) described above. 
Also, in the relation with the surface r2 of the first lens group LI . there are regions in which the local curvature powers 
change in mutually opposite directions, thus satisfying the function of condition (c1). This aspherical surface is mainly 
contributable to good balance correction of image plane and comma aberration, for example. 

[0547] The fifth lens group L5 comprises, in an order from the object side, a positive lens of approximately plane- 
convex shape having a convex surface facing to the image side, and a positive lens of biconvex shape. 
[0548] The sixth lens group L6 comprises an aspherical surface negative lens of biconcave shape, singly. This 
aspherical surface is contributable mainly to correction of spherical aberration and comma aberration to be produced 
by a strong negative refractive power. 

[0549] The seventh lens group L7 comprises, in an order from the object side, a positive lens of meniscus shape 
having a convex surface facing to the image side, an aspherical surface positive lens of biconvex shape, a positive fens 
of approximately plane-convex shape having a convex surface facing to the object side, two positive lenses of meniscus 
shape having a convex surface facing to the object side, a negative lens of meniscus shape having a concave surface 
facing to the image side, and a positive lens of meniscus shape having a convex surface facing to the object side. 
[0550] In the seventh lens group, an aspherical surface Is placed at a position where an axial light flux, which is a 
light flux emitted from an optical axis upon the object plane. Is high, and this aspherical surface is used mainly for cor- 
rection of negative spherical aberration to be produced in the seventh lens group having a strong positive refractive 
power. The aspherical surface used at a convex surface adjacent to the image plane is mainly contributable to correc- 
tion of comma and distortion. 

[0551] By introducing at least one aspherical surface satisfying the condition (3) into the lens optical system, as 
described above, the effect of using an aspherical surface sufficiently functions in providing an optical system of large 
numerical aperture. 

[0552] Particularly, placing five aspherical surfaces before the stop of the lens optical system is effective for good 
balance con-ection of distortion aberration, astigmatism and comma, for example. Further, an aspherical surface is 
formed on a surface which satisfies the condition (2), that is, a surface which is very influential to the abaxlal chief rays. 
With this arrangement, mainly the aberration related to abaxial rays is con-ected on one hand, and the load for correc- 
tion of other aberration is reduced on the other hand, by which a good optical performance Is accomplished. 
[0553] In this example, the aspherical surfaces which satisfy the condition (2) are surfaces at r2. r3, r7 and r1 1 . Fur- 
ther, when an aspherical surface satisfying at least one of the conditions (c1) and (c2) described above Is introduced, 
the effect of aspherical surface is enhanced and better aberration correction is attainable. 

[0554] This example uses seven aspherical surfaces, and an optical system of large numerical aperture (NA) is pro- 
vided with a lens number of 1 6 (sixteen). 

(Example 26) 

[0555] In Numerical Example 26 shown in Figure 79, the lens optical system uses seven aspherical surfaces. Table 
26 shows values corresponding to conditions of equations (1), (2) and (3). Figure 81 shows aberrations, and Figure 80 
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shows changes in local curvature power of the aspherlcal surface. 
[05S6] Details of the lens structure will be described below. 

[05571 The first lens group LI comprises an aspherical surface positive lens of plane-convex shape, singly having 
a convex surface facing to the image plane side. 

[0558] The aspherical surface at r2 includes a region in which the local curvature power changes in the positive 
direction, satisfying the function of {c3) described above. 

[0559] The second lens group L2 comprises an aspherical surface negative lens of biconcave shape singly. 
(0560J The asphencal surface at r3 includes a region in which the local curvature power changes in' the negative 
direction, satisfying the function of condition (c2) described above. Also, in the relation with the surface r2 of the first 
lens group Li , there are regions in which the local curvature powers change in mutually opposite directions thus satis- 
fying the function of condition (c1). 

[0561] The third lens group L3 comprises, in an order from the object side, a positive lens of plane-convex shape 
having a convex surface facing to the image side, and an aspherical surface positive lens of approximately plane-con- 
vex shape having a convex surface facing to the object side. 

[0562] The fourth lens group L4 comprises, in an order from the object side, a negative lens of biconcave shape 
and an aspherical surface negative lens of biconcave shape. ' 
[0563] The fifth lens group L5 comprises three positive tenses of biconvex shape. 

[0564] The sixth lens group L6 comprises an aspherical surface negative lens of biconcave shape singly 
[0565] The seventh lens group L7 comprises, in an order from the object side, a positive lens of meniscus shape 
having a convex surface facing to the image side, an aspherical surface positive lens of biconvex shape a positive lens 
of approximately plane-convex shape having a convex surface facing to the object side, two positive lenses of meniscus 
shape having a convex surface facing to the object side, a negative lens of meniscus shape having a concave surface 
facing to the image side, and an aspherical surface positive lens of meniscus shape having a convex surface facing to 
the object side. 

[0566] This example uses seven aspherical surfaces, and an optical system of large numerical aperture (NA) is pro- 
vided with a lens number of 1 7 (seventeen). 

(Example 27) 



[0567] Figure 82 shows a projection optical system according to Numerical Example 27 of the present invention 
Table 27 shows values corresponding to conditions of equations (1 ), (2) and (3). Figure 84 shows aberrations and Fig- 
ure 83 shows changes in local curvature power of the aspherical surface. This lens system uses eight aspherical sur- 
faces, ar.d the values corresponding to equation (3) are shown in TAble 27. 

[0568] In this example, all the aspherical surface lens have a plane surface on a side opposite to the aspherical sur- 

-35 face thereof. 

[0569] Details of the lens structure will be described below. 

[0570] The first lens group LI comprises, in an order from the object side, an aspherical surface positive lens of 
plane-convex shape having a convex surface facing to the image plane side, and a positive lens of biconvex shape. 
[0571] The aspherical surface at r2 includes a region in which the local curvature power changes in the neaative 
40 direction. ^ 

[0572] The second lens group L2 comprises, in an order from the object side, two aspherical surface negative 
lenses of plane-concave shape having a concave surface facing to the image side. 

[0573] The aspherical surfaces at r4 and r6 include regions in which the local curvature powers change In the pos- 
itive direction. Also, in the relation with the surface r2 of the first lens group L1 . both of the surfaces r4 and r6 include 
45 regions in which the local curvature powers change in mutually opposite directions, thus satisfying the function of con- 
dition (c1). 

[0574] The third lens group L3 comprises, in an order from the object side, an aspherical surface positive lens of 
plane-convex shape having a convex surface facing to the image side, and a positive lens of biconvex shape The 
asphencal surface r10 includes a region in which the local curvature power changes in the negative direction thus sat- 

50 isfying the function of condition (c3) described above. 

[0575] The fourth lens group L4 comprises, in an order from the object side, a negative lens of meniscus shape hav- 
mg a concave surface facing to the image side, a negative lens of biconcave shape, and an aspherical surface negative 
lens of plane-concave shape having a concave surface facing to the object side. The aspherical surface at r1 7 includes 
a region in which the local curvature power changes in the negative direction, satisfying the function of condition (c2) 

55 described above. Also, in the relation with the surface rl 0 of the third lens group L3, there are regions in which the local 
cun/ature powers change in mutually opposite directions, thus satisfying the function of condition (cl). 
[0576] The fifth lens group L5 comprises, in an order from the object side, a positive lens of meniscus shape having 
a concave surface facing to the object side, a positive lens of biconvex shape, and an aspherical surface positive lens 
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of plane-convex shape having a convex surface facing to the object side. 

[0577] The sixth lens group L6 comprises two negative lenses of biconcave shape. 

[0578] The seventh lens group L7 comprises, in an order from the object side, an aspherical surface positive lens 
of plane-convex shape having a convex surface facing to the image side, two positive lenses of biconvex shape, a pos- 
itive lens of meniscus shape having a concave surface facing to the image side, and an aspherical sur^ce positive lens 
of plane-convex shape having a convex surface facing to the object side. 

[0579] This example uses eight aspherical surfaces, and an optical system of large numerical aperture (NA) is pro- 
vided with a lens number of 19 (nineteen). 

(Example 28) 

[0580] Rgure 85 shows a projection optical system according to Numerical Example 28 of the present invention. 
Table 28 shows values corresponding to conditions of equations (1). (2) and (3). Figure 87 shows aberrations, and Fig- 
ure 86 shows changes in local curvature power of the aspherical surface. 

[0581] This lens system uses nine aspherical surfaces. More specifically, three bi-aspherical surface lenses (each 
having two aspherical surface on both faces thereof) and three mono-aspherical surface lenses each having a spherical 
surface on a side opposite to the aspherical surface thereof. Thus, six aspherical surface lenses with nine aspherical 
surfaces in total are used. 

[0582] Details of the lens structure will be described below. 

[0583] The first lens group LI comprises, in an order from the object side, a positive lens of approximately plane- 
convex shape having a convex surface facing to the image plane side, and a positive lens of biconvex shape. 
[0584] The aspherical surface at r3 includes a region in which the local curvature power changes in the positive 
direction, thus satisfying the function defined in condition (c3) described above. 

[0585] The second lens group L2 comprises, in an order from the object side, an aspherical surface negative lens 
of biconcave shape, and a negative lens of biconcave shape. 

[0586] The aspherical surfaces atr5 and r6 include regions in which the local curvature powers change in the neg- 
ative direction, and the function of condition (c2) described above is satisfied. Also, there is a region in which, relative 
to the aspherical surface r3 of the first lens group LI , the local curvature powers change with mutually opposite signs 
to cancel with each other. Thus, the function of condition (c1) described above is satisfied. Further, between the sur- 
faces r5 and r6. the local curvature powers of them, at the peripheral portion thereof, change with mutually opposite 
signs to cancel with each other. 

[0587] The third lens group L3 comprises, in an order from the object side, a positive lens of meniscus shape having 
a concave surface facing to the object side, and an aspherical surface positive lens of biconvex shape. The aspherical 
surface r1 1 includes a region in which the local curvature power changes in the positive direction, thus satisfying the 
function of condition (c3) described above. 

[0588] The fourth lens group L4 comprises, in an order from the object side, a negative lens of meniscus shape hav- 
ing a concave surface facing to the image side, and two negative lenses of biconcave shape. 

[0589] The fifth lens group L5 comprises, in an order from the object side, a positive lens of approximately plane- 
convex having a convex surface facing to the image side, an aspherical surface positive lens of biconvex shape, and a 
positive lens of approximately plane-convex shape having a convex surface facing to the object side. 
[0590] The sixth lens group L6 comprises, in an order from the object side, a negative lens of approximately plane- 
convex shape having a concave surface facing to the image side, and a negative lenses of biconcave shape. 
[0591] The seventh lens group L7 comprises, in an order from the object side, a positive lens of biconvex shape, an 
bi-aspherical surface positive lens of biconvex shape, two positive lenses of meniscus shape having a concave surface 
facing to the image side, and a bi-aspherical surface positive lens of meniscus shape having a concave surface facing 
to the image side. 

[0592] This example uses three bi-aspherical surface lenses (each having two aspherical surfaces on both faces 
thereof) and three mono-aspherical surface lenses (each having a spherical surface on a side opposite to the aspheri- 
cal surface thereof), and an optical system of large numerical aperture (NA) is provided with a lens number of 1 9 (nine- 
teen). 

[0593] For better imaging performance, additional aspherical surfaces may be used. Particularly, adding an aspher- 
ical surface satisfying condition (3) between the object and the stop, is very effective to correct distortion and curvature 
of field, for example successfully. When it is added in a lens group after the stop, further improvements in various aber- 
rations such as spherical aberration and comma, are attainable. 

[0594] As described above, with use of aspherical surfaces, the number of lenses can be reduced considerably 
and, yet, a projection optical system having a large numerical aperture is accomplished. 

[0595] When a face of an aspherical surface lens at a side opposite to the aspherical surface thereof is made a 
plane surface, a projection optical system being easy in manufacture and adjustment is provided. When the face at a 
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side opposite to the aspherical surface is made a spherical surface, the degree of freedom can be expanded signifi- 
cantly, and better aberration correction is attainable. 

[0596] The conical constant k regarding the aspherical surface shape is taken as zero, in some examples of Numer- 
ical Examples 1 - 28 described above. However, the aspherical surface shape may be designed while taking the conical 
5 constant k as a variable. 

[0597] Further, in some examples described above, silica (n = 1.5602) is used as a lens glass material. However, 
fluorite may be used. When both silica and fluorite are used, chromatic aberration can be corrected to be very small. ' 
[0598] In many of these examples, the exposure light source uses an ArF wavelength laser of 193 nm (h-line in 
Example 1 7). However, any other wavelength shorter than 250 nm, such as KrF excimer laser (wavelength 248 nm) or 

10 F2 laser (wavelength 157 nm). for example, may be used. Also, the magnification of the projection optical system Is not 
limited to 1 :4 in these examples. Any other magnification such as 1:5, for example, may be used. 
[0599] Next, structural specifications of these numerical examples will be described. In the numerical example data 
to be described below, "ri" refers to the curvature radius of the i-th lens surface, in an order from the object side, and 
"di" refers to the i-th lens thickness or air spacing, in an order from the object side. Further, "ni" refers to the refractive 

15 index of the glass material of the i-th lens lens, in an order from the object side. 

[0600] The shape of an aspherical surface can be given by the foltowing equation: 

H^/ri 

20 X = ' 

l+{l-{l+k). (H/ri)2}l/2 

25 

where X is the displacement amount in the optical axis direction from the lens vertex, H Is the distance from the optical 
axis, ri is the curvature radius, k is the conical constant, and A, B. C. .... G are aspherical coefficients. 
[0601 ] The refractive indices of fused silica and fluorite with respect to the exposure wavelength 1 93 nm are 1 .5602 
and 1.5014, respectively. 

30 [0602] Further, the local curvature power of an aspherical surface referred to in the specification is given as a func- 
tion X(H) of X and H in the above equation, by the following: 

PH = (N'-N)/p 

35 where 

p = (1+X'^)^/X" 

wherein N and N' are refractive indices of mediums before and after the refraction surface. 
40 [0603] The following are numerical data for Numerical Examples 1 - 28. Also, Tables 1 - 28 below show the relation 
between the conditions described above and these numerical examples. 
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[Numerical Example 1] 
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[Numerical Example 2] 
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[Numerical Example 3] 
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[Numerical Example 4] 
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[Numerical Example 5] 
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[Numerical Example 6] 
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[Numerical Example 7] 
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305. 587 
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17. 460 
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14. 267 
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-203. 639 
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12 


262. S85 
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2S 


241 670 


31 267 


1. 50850 


2( 


141 075 


1 la 




27 


191 795 


11. 600 


1. 50850 


2e 


131 205 


31 930 




29 


-211 661 


11. 800 


1. 50850 


30 


211. 176 


32. 392 




31 


-131 079 


11. 800 


1. 50850 


32 


1362. 342 


31 669 
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41 


-327. 775 


21000 


1. 50850 


42 


-444. 696 


1 100 




43 


261 S74 


31001 


1. 50850 


44 


S467. 547 


a 100 




45 


147, 257 


31 230 


1. 50850 


46 


311 243 


1 100 




47 


14a 926 


22. 6S3 


1. 50650 


48 


211247 


11541 




49 


4Sa 566 


11.000 


1. 50650 


SO 


64.706 


21 961 




51 


91 991 


21670 


1. 50650 


52 


662. 356 


ISOQ 




53 


-991.664 


24.290 


1. 50650 


54 


-731. 263 







ObJ-tflsUnce= 93.869 



aipherical surftce< 



NA=0. 65 
fi =1/4 
L =1050 



I K A 9 C 

10 *2. 717797e-O0l -2. 66S201eHI08 -1 0266t9e-019 -t 918385eH115 

II 1. 419563e«000 -I. l67490eHI08 4 0455600-012 -1 7816446-01$ 



1. 7866160-018 
1 4368S2eOI8 



i t 

10 -1 S7S995C-022 

11 -1 052133eH)22 



7. 5l7989e-026 
1. l08673e-025 



1 OOOOOOofOOO 

a 00000004000 



55 



EP 1 061 396 A2 



[Numerical Example 8] 
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[Numerical Example 9] 
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[Numerical Example 10] 
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21 376 


1. 5S020 
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2. 8S5743e-00ft - 
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1. 096606e-O0ft 
-1 843257e-O09 
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1. 036774e-0f2 
1. 3977l4e-012 
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-1. 148440e-012 
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-1. 42528le-On 
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1. 175524e-OI3 
-4 0365S4eH>1S 
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1. 275S47eH116 
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-S. 427809e-016 
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[Numerical Example 11] 
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26. 671 
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4 


-481. 310 
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SS9. $20 


26. 096 
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6 


-820. 769 


1. GOO 






7 


225. S99 


26. 002 


> 1. 50850 




8 


-8079. 599 


1. 000 






9 


18t 351 


11. 501 


1. 508SO 




10 


106. 062 


34. 887 






It 


-881. 425 


12. 568 


1. 508S0 


ASP 


\t 


-204. 664 


6. 416 




ASP 


U 


-QISl 043 


1000 


1.50050 


14 


16Sl 026 


38. 823 






IS 




1000 


1. 50850 




16 


87S. m 


25.571 






17 


-DSL m 


fOLOOO 


1. 508S0 




Id 


2S&d24 


45. 864 






19 


-82& S82 


23. 7S4 


1. 50850 




20 


-282. 487 


1. 000 






Zl 


27S2. 665 


44. 004 


1. 50850 




IZ 


-201. 175 


1. 000 






23 


-t715a 009 


26. 677 


0. 50650 




24 


-37). 311 


1.000 






2S 


236. 005 


4S.827 


1. 50850 




26 


-936. S33 


1. 000 






27 


409. 539 


20. gss 


tS0850 




28 


4743. 410 


48.481 




ASP 


29 


-SI a. 982 


10. eoo 


D. S0850 




SO 


ISfl 949 


37. 876 






31 


-188. 248 


10. 500 


1. S0850 


ASP 


32 


275. 9S2 


Sa 220 






33 


-417. 384 


30.810 


1. 50850 




34 


-279. 212 


2.787 






36 


1910. 775 


30. 560 


1. 50850 




36 


-SIS. 825 


1.000 






37 


599w 552 


3a 988 


I. 50850 




Sft 


-356. 888 


14.606 






39 


-226. 758 


23. ©00 


1. 50850 




40 


-836. 489 


t,m 






41 


296. 645 


4a D76 


1. S08S0 




42 


-1194. €86 


1.000 






43 


281. 667 


27. 372 


1. SOOSO 




44 


654. 096. 


1.080 






45 


164. 616 


27. 018 


1. S0850 


ASP 


46 


281. 664 


Sa 851 




47 


22a 126 


8a 104 


1. 50850 




4fi 


601. 9S0 







Obj-distonce- 100.000 



Qspherical surloces 
I K 

12 aooooooe^ooo 

13 a OOOOOOe^HdOO 

29 a ooooooemo 
32 a ooooooomo 

47 0. OOOOOOe^O 

( E 

12 -1. 0002430-^23 

IS -4. 415014&-e25 

29 a OOOOOOe-frOOO 

32 aooooooefooo 

47 -6. 144l85e-026 



NA=0, 65 
0 =1/5 
L =110 0 



2. 7218580-008 
2.2601)1180-^8 
a 769©70o-fl09 
S. 2624616^09 
S93S67e-00& 



B 

4.44a914a-012 
a 977827c-®88 
2. 80ie07<S-OtS 
-a 342S32e-084 
-4. 8e0866e-§12 



-a 681662(3-006 
S4Q§72e^86 
-7. 94S<12fle-OtI7 
a 2486S7O-08Q 
-It. 6468S0Q-016 



L 0727C0e-019 
3. 42@082&-O20 
1 1806029-021 
1. 018566(2-021 
1. 952807e-020 



5. 037820e-028 

a oooooo&mo 
a oomoQ^ooo 
a ooo^o^oo 
a oooooooiooo 



a @oooc»)e^ooo 
a ©oooooeiooo 
a eoNooe^ooo 
aeoooooeiooo 
a ooooooo^o 
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[Numerical Example 12] 



ASP 



ASP 
ASP 



1 rl 
t 7€3. 804 

2 191 
1 201770 

4 -641. 970 

5 111260 

6 020 

7 502. 773 
B t21 649 
9 -1H.636 

f 0 201 04S 

fl -l6MSt 

12 -211660 

U -U21. 329 

t4 -146. 620 

15 147. 157 

16 -421 701 

17 -771 656 
16 -321 657 

19 -241442 

20 161 253 

21 -194 264 

22 191 773 
n -W4.2I6 

24 -1172.511 

25 -291 566 

26 -171413 

27 -10481 460 

28 -221758 

29 1482. 244 
JO -291 976 
91 204.855 

.^„J2 -2]11303 

ASP 33 162.054 

34 351 872 

35 821315 

36 141 178 

37 -311652 
36 142. 068 

39 -191846 

40 611693 

41 2057. 736 

42 -271601 

43 601 102 

44 -281 084 

45 331 953 

46 -1154.203 

47 191 072 

48 701 117 

49 141 357 

50 271. 687 
A CD SI 141870 
ASP 52 641129 

•spherUtl surfaces 





b( 


11 049 




1 100 


24. 476 




Q. too 


11000 


1 56020 


22. 304 


11 000 


1 §6010 


21 277 


11000 


1 S60M 

>. 9VII&V 


21905 


11 779 


1. 56020 


a 100 


21 454 


1. 56020 


1 100 


41074 


1. 56020 


7.102 


11062 


1 6fi09O 


1 765 


11000 


1 58090 


21 938 


11 000 




37. 307 


11 071 


f Sfi09A 


11767 


21 347 


1. 3»U&V 


0. 100 


41 039 


1 CftAf A 


1 100 


41 189 


1 Sfioyn 
1. aou£U 


1 100 


61 135 


t K£A9A 

1. aou£u 


1 100 


27. 702 




11 166 


11 005 


1 SfiOf A 


44. 572 


11 000 


1 56020 


41 662 


11000 


1. 56020 


1809 


24. 233 


1. S602Q 


1 100 


31 247 


1 56020 


51 €56 


31963 


1 56020 


1373 


31 277 


1 56020 


1142 


21 979 


156020 


41 191 


31087 


156020 



ObJ-rfistsncc- 101000 



NA=0. 65 
0 = 1/4 
L =113 0 



I 

3 
8 

9 
33 
52 



aSToSltSSS VilWihw :\\tll^h\l 

iSiE^^iHitiisiliLii 



i £ 
3 -1 340365e-O25 

8 -7. l49298e-023 

9 -7. 75S999a-023 
S3 -4. 123949cH)27 
52 1 339S49aH}23 



<02l61te-021 
1 8S1327*-019 
1 16i462e-019 
1 €84224e-022 
1 SS2015e-019 



0. 000000e4000 
1 4969428-027 
1 724380e-027 
7. 154662C-031 

a oooooo«4ooo 



1 OOOOOOetOOO 
lOOOOOOeiOOO 
lOOOOOOoiOOO 
lOOOOOOtiOOO 

aooooooofooo 
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[Numerical Example 13] 



10 



15 



25 



30 



35 



40 



45 



50 





i 


rl 




ni 




t 


566. 177 


17. 071 


1. 56020 




2 


-537. 616 


a 100 






Z 


297. 012 


11 535 


1. 56020 




4 


-1396. 026 


1 too 






S 


210. 121 ^ 


20. 634 


1. 56020 




6 


-2471 292 


1 too 






7 


208. 466 


14. 229 


1. S6020 




B 


102. 590 


22. 179 






9 


-464. 515 


1 1. ODD 


1. 56020 




10 


158l 021 


If. 17a 






1 1 


-243. 314 


11. OOO 


1. 56020 




12 


266. 770 


11 357 






13 


-215. 829 


21 557 


1. 56020 




14 


-16& 736 


a 187 






15 


-405. 43$ 


14. 470 


1. 56020 




16 


. -184. 2S8 


1 902 






17 


138. 856 


21 436 


1. 56020 




18 


-"I24t 175 


a 169 




ASP 


19 


814. 292 


11 155 


1. 56020 




20 


171. 534 


31 877 




ASP 


21 


-137.721 


11.000 


1. 56020 


22 


204. 947 


11998 






21 


-111 849 


11. 000 


1. 56020 




24 


-1002. 418 


11 925 






2S 


-260. 840 


11096 


1. 56020 




26 


-171 471 


a 100 






27 


-3841 952 


31 207 


1. 56020 




2S 


-211 919 


1 100 






29 


1602.820 


41 346 


1. 56020 




30 


-82a 667 


a 100 






21 


211. 142 


51 058 


1. 56020 




32 


-Un. 340 


1. n3 






33 


206. 544 


21 127 


1. 56020 




34 


461 888 


14 670 






35 


751 016 


11. OOO 


1. S6020 




36 


144 572 


41 208 






37 


-241. 701 


11. 286 


1. 56020 




38 


161 416 


31 537 






39 


-191712 


11. 000 


1. 56020 




40 


741 364 


7 842 






41 


-I642Q. 189 


21 080 


1. 56020 




42 


-241. 902 


a 100 






43 


651 031 


31 185 


1. 55020 




44 


-111 590 


47. 429 






45 


354. 585 


31 707 


1. 56020 




46 


-93a 788 


7. 713 






47 


221 294 


32.101 


1. S6020 




46 


1011237 


1.352 




ASP 


49 


171 026 


31 963 


t 56020 




SO 


1081. 470 


51360 






51 


1051015 


51018 


1. 66020 




S2 


-734. 877 








tipherlcal surfaces 








1 


K 







ObJ-dUtance« 111304 



19 
21 
49 



NA = 0* 65 
0 =1/4 
L =113 0 



1 OOOOOOefOOO 1 037018e-O09 1. 095799e-012 -1. 919644e-016 1 2645528-020 
1 OOOOOOe^OOO 1 898908e-010 -1 300260t-O13 1 428525e-016 -1. 77l740r-019 
a 000000«i000 -l. 19O613e-O08 -1 346279e-013 -1 514328c-017 -1 781741«-022 



I E 
19 -1. 693773e-023 
21 1 9S8228C-023 
49 -2. 825622e-026 



1. 30233Se-027 
1 245096C-027 
1 127567«m3t 



a OOOOOOetOOO 
a OOOOOOe^OOO 
a O0000Q64OO0 



55 



58 
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[Numerical Example 14 J 





i 


ri 




nl 




1 


-370. S30 


21. 483 


1. 56020 


ASP 




-142. 320 


a 700 




3 


254 109 


4a 989 


1. 56020 




4 


-491. 334 


a 700 




S 


Srt. 870 


13. 168 


1. 56020 




6 


12a 579 


17.606 






? 


-2870. 7S2 


1 1. 000 


1. 56020 


ASP 


8 


207. 692 


19.442 






9 


-226. 107 


11.00Q 


1. 56020 




to 


596. 1193 


S6. 591 






n 


169^ 365 


sa 694 


1. 56020 


ASP 


12 


-170- 497 


a7oo 




\t 


512.692 


84. 956 


1. 56020 




l<I 


-2I<L 639 


a 700 




IS 


100.024 


44 492 


1. 56020 




16 


8S. 268 


2t 672 




17 


-6QS. 024 


11.000 


1. SS020 




IQ 


11S.41S 


£8. 634 




1$ 


-1QS. 810 


It 000 


1. 56020 




20 


813.691 


24 602 




21 


S8S. 818 


26. 017 


1. 56020 




2? 


-f OF. 014 


a 700 




23 


3891 332 


2^300 


K 56020 




24 


-SSO, 767 


a 700 




25 


251. 245 


23.158 


1. 56020 




2S 


-52?. 903 


8.754 




27 


-2S8. 401 


11. 000 


1. 56020 




IQ 


235. 832 


31. 681 




29 


-131. 657 


11. 000 


1. 56020 




10 


873. 306 


ia6§o 




SI 


"516. 228 


44 520 


1. 50140 




92 


-194. 523 


21. 944 




33 


1486. 546 


45. 810 


1. 50140 




34 


-226. 607 


1 1. 999 




35 


441.694 


35.011 


1. 50140 




36 


-62a 429 


a 700 




37 


135. 240 


46. 462 


1. 60140 




sa 


4Sa 927 


a 700 




39 


12a 725 


2a 1S8 


1. 56020 




40 


m7u 


16. 567 




41 


1267. 095 


31. 621 


1. 56020 


ASP 


42 


7a 800 


3.049 


43 


8a 000 


47.000 


1. 56020 




44 


82a 473 





OOj -41 stance- 90. 862 



ospfkerlcal surfaces 



NA=0. 65 
0 =1/4 
L =10 0 0 



1 K A B C 0 

I SIH2!^t222 !• 62^8280-008 -9. 2923706-^12 8.284321e-016 -3. 612644e-020 
J • 1H5?2^®^ 45P87€-«11 -l. 6?5187e-015 -4 4215210-020 

\l SSI!55«*®°® ^- SS54S6e^0tt -7. 168084e-O13 -1. 029797e-017 3. 58fl327e-022 
43 1. 776067e-002 -5. 163{)28e-00& -6L 4997240-^12 -a 0766S4e-«16 (L 47624le-020 



I 

3 
8 
13 
43 



5. 160574e-024 
4 S16444e-028 
a 9774180-026 
-3. 4746256-023 



'2- 667799e-928 
-8. 688179fi-027 
-3.648S11e-O80 
4 982009e-O27 



e 

a OOOOOOe^OOO 

a ^ooooemo 
a ©omoQ^ooo 

a OOOOOOa^OO 
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[Numerical Example 15] 



1 


rt 


dl 


01 


f 


a> 


21. 483 


t. 5(020 


ASP t 


-223. S20 


a 100 




3 


324. OSS 


11299 


1. 66020 


4 


-3S1 700 


41878 




S 


-194. 376 


11.000 


1. S6020 


6 


169. 712 


1737 




7 


oo 


11.000 


1. 56020 


ASP S 


17S. 122 


41 826 




9 


oo 


21 ni 


1. S6020 


ASP 10 


-lOi Uft 


a 700 




n 


42i 694 


21 687 


1. 66020 


12 


-244. 092 


34. 286 




u 


-211694 


11.000 


1. $6020 


14 


18QL Oil 


31 S32 




ASP n 


HOI. 09$ 


11000 


1. $6020 


u 


oo 


31 S44 




17 


oo 


41. 224 


1. S6020 


ASP U 


-169.000 


aroo 




1) 


611013 


37. 099 


1. 56020 


20 


-314.622 


Q. 700 




21 


1S& 089 


41 421 


1. 56020 


22 


-16191760 


37. 763 




2S 


-S4&4$3 


11. 000 


1. 66020 


24 


121 496 


47. 346 




ASP 2S 


-107. 314 


11.000 


1. S6020 


2( 


oo 


21 0S7 


27 


oo 


31 601 


1. 56020 


26 


-361 7SS 


31400 




29 


CO 


31. 386 


1. 56020 


ASP 30 


-26a 069 


1099 




11 


32a 0S4 


31 813 


1. 56020 


32 


-1109. 20S 


1700 




33 


lea 000 


44. 852 


1. 56020 


34 


oo 


1700 




3S 


118.000 


41 269 


1. 56020 


36 


241 182 


11160 




37 


-It 7a 648 


f 1 269 


1. S6020 


38 


81161 


1968 




ASP 39 


111618 


41. 30S 


1. 56020 


40 


oo 







ObJ-disttnce- 64.400 



tsoherfcAl surfaces 

I K 
2 a OOOOOOcfOOO 
8 lOOOOOOHOOO 

10 aooooooeiooo 
15 aooooooeiooo 

18 aOOOOOOrMKlO 

25 a 000000e4000 

30 a 000000c4000 

39 aOOOOOOrfOOO 

I E 
2 1 970299e-O27 
8 -1. 0l8743e-O23 
10 -1. OOI277e-024 
IS 4. 668658e-025 
18 -1 789718e-026 
2$ 1 398328e-024 
30 -4. 477469e-«27 
39 7. 47069le-023 



NA = 0- 65 
0 =1/4 
L =10 00 



-1 46tl70«-OO8 
1. 330433e-008 
-7. 3t4349t-008 
-1 2882l1e-008 
-1 01081 7e-009 
-1 38163Se-O08 
1. 189738e-009 
-1 338672eHNI8 



a 000(M10e4000 
aO00000e4000 
lOOOOOOeMOO 

a oooooociooo 
aoooooo«400o 

lOOOOOOeiOOO 

aooooooHooo 
a oooooociooo 



1 2546786-012 
1 996524eH)12 
1 668407HIU 
4. 470040HIU 
7.t30S62e-013 
186309te-OI3 
2.679270e-4)l3 
1479306e-0tl 



1. 74l4f8e-017 
-1 425340e-016 
-a 5612408*4117 
1 9S3928€HI16 
1. 976312e-«17 
1. 8873S0eH117 
-1 S4084SeHlt9 
2.425S02«-0I$ 



-1 942618e-02l 
1 539215eH120 

-1 632962e-021 
1. 176441e-019 
1 752192ft-022 

-^Q92178«-021 
1 898098e-022 

-1 SS6929«-019 



a 000000e4000 
a OO0O00e4OQ0 

aooooooeiooo 
aooooooeiooo 
a oooooociooo 

a OOOOOOeiOQO 

a ooooooeiooo 

a 000000«KM10 



1061396A2J_> 
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[ Humeri cal Example 16] 





t 


ri 




ni 


ASP 


1 


42S. 901 


22. 143 


1. 56020 


ASP 


z 


'Z93. 270 


44. fiSI 




ASP 




-299. 0&3 


12. 207 


1. 56020 


ASP 


» 

H 


1199. aa<l 


56. @1a 




C 
9 






1. aaOZO 




0 


"•|#2L ^1 f 


A VAA 

a rOO 






7 




Z9. alf 


1. aaQZu 




ft 
0 




eZ. isD 




ASP 


B 
9 


.Cyi9 S90 


t Q Ann 
1 1. OuD 


1. aoOZO 


ASP 




cta Qftc 
so. otid 


OA /If A 




1 1 


"I OB. SOO 


iXm OVO 


t CCA9A 

1. aDuZu 




119 
HZ 




9C net 






(in 


WIaL via 


« if >ine 


1. 56020 




1 A 


-152. 871 


A VAA 

a 700^ 






tc 
la 


16S. Qlfei 


31. 782 


1. 56020 




le 




46. 840 






17 


-888, 725 


11 OflO 


1 66020 




16 


nsi. n% 


3a 642 






S9. 


-147. Q95 


IS. 264 


1. 56020 




SO 


33S. 023 


21. 043 






St 


1046. 740 


8SlS62 


1. 56020 




22 


-25a 756 


9i4S8 






1% 


72a 726 


25. 727 


1. 56020 




24 


-397. 727 


94. S$7 






2$ 


m SSS 


34 0&9 


1. 56020 




26 


-357. H6 


a7Q0 






27 


133.000 


Sa 773 


1. 56020 




2Q 


3&6. 5S2 


0.913 






29 


187. 


41. 164 


1. 5602Q 




90 


I6SL 965 


13. 4S5 






31 


S3§. 514 


19. 429 


1.56020 




32 


m. 461 


a 70O 




ASP 


33 


9L 023 


41. 003 


1. 56020 


ASP 


34 


iiassa 







Ob J-tfi stance- 7a 000 



NA=0. 65 
P =1/4 
L =10 0 0 



Qsphericol surfaces 



I 



1 a OOOOOOe^OOO 

2 a ooooooemo 

3 a OOOOOOeiOOO - 

4 0. OOOOOOe^OOO 

9 a OOOQOOemo - 
10 a OOOOOOe^OOO ^ 

33 a OOOOOOe^OOO - 
84 aoOOOOOe^OOO 

1 £ 

1 4. 244285e-023 

2 2. 746098e-02S 

8 -8.758891(5-028 
4 -1. S5D0B1e*022 

9 -2. 2871736-028 

10 -4 351SS7e-023 
83 -8. 5418dOe-022 

34 -4. 7O6812e-O20 



A 

1. 179890e-^07 
1. Sa4808e-O09 
•5. 127062G-O08 
1. 8519286-007 
1. 0298S5O-008 
-1. 647436e-M8 
-7. &7267Oe-O08 

5. S98494e-007 

F ^ 
1. 894592(5-027 

6. 870822^-028 
-1. 38771 §e-026 

1. 2S7D98(3-026 
1. 85^755(5-027 
6.2816046-^28 

7. 17S403e-026 
3. 1858S8e-«28 



6 

-L 48l342e-012 
-2. 87960l(g-@B2 
-2. 489g80e-©n 
-L1S5SSS^n 
4. 2221)75e-§Q8 
-6. 863S1l8e-012 
3. 170754(^12 
1. 483862e-O10 



aoaodooe^o 
a oooooO(2{yooo 

a OOOOOOe^O 

a ooooooq^ooo 
a @oooo@e<^eoo 
a^G®@@<34®oo 

a OSOOOOe^OOO 
a OOOOOOe^OOO 



-8. S14994e-01S 
■1. 27761)110-015 
4 9403480-015 
4 97Qf)89e-«lS 
9. 2624090-016 
L 49801190-016 
7. 55268Sq-«16 
4 S4S58Se-014 



-Sl 507741(2-021 
L 269844e-019 
1. 783844e-019 
-2. 2S4154B-020 
-a. 820 1 950-020 
3. 078894e-021 
1. 2654809-018 
5.826949e-017 



1061396A2J_> 
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[Numerical Example 17] 



1 


ri 


di 


nf 


ObJ-distan 


A CD 1 


-2173. Sifl 


17. 000 


1. 608)77 


Air' Z 
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[Numerical Example 18] 
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[Numerical Example 19] 
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[Numerical Example 20] 

Object to First Surface Distance: 98.214 mm 
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[Numerical Example 21] 

Object to First Surface Distance: 98.335 mm 
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[Numerical Example 22] 

Object to First Surface Distance: 98.214 mm 
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[Numerical Example 23] 

Object to First Surface Distance: 106.383 mm 
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[Numerical Example 24] 
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[Numerical Example 25] 
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[Numerical Example 26] 
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[Numerical Example 27 3 



10 



20 



25 



30 



35 



k 


rl 


dl 


nl 


1 


0.000 


16. 600 


1. 56020 


2 


-202. 800 


6.000 




S 


200. 1^7 


10.769 


1. 56020 


4 


-445- fl24 


22.055 




S 


6. 000 


10. d<31 


1. S6020 


6 


107. SSQ 


IS, 137 




7 


0.000 


1 1. 000 


1. 56020 


0 


106. €69 


39. 484 




9 


e. doo 


22. 661 


1. 56020 


to 


-ISO. 4&S 


6. 000 




11 


107. SOO 


24. S7S 


1. 56020 


12 


-623. 2S4 


16. 660 




IS 


146. 666 


2a* 064 

lb 0« U U *4 




14 


1107. SS6 


89. tlVO 




IS 


-He 11. 072 


11. 060 


1. S6020 


IS 


m. S16 


S@. 143 




IT 


-HIL 84S 


11.660 


1. 56620 


IG 


0. 000 


30. SOI 




19 


-43S. 025 


46. 301 


1. 56020 


20 


-127. 000 


6. 000 


21 


32S. 622 


46. 741 


1. 55020 


22 


*410. 690 


6. 060 




23 


107. 570 


42. m 


1. S6020 


24 


e. 600 


46. 773 


2S 


-462. SOS 


11. @00 


1. S6020 


2G 


157. 0S6 


41. 1196 


2? 


-17S, 762 


11. ©06 


1. S6O20 


£0 


253. 067 


I6.SS4 




29 


6. 6(&ft09) 


31. 669 




90 


a®60 


46. 810 


1. $6020 


11 


-213. OSS 


1. 457 


S2 


794. 096 


33. 2tS 


1. 56020 


as 


-SOS. 054 


6. 000 




S4 


300. ess 


30. 589 


1. S5020 


ss 


-047.571 


0. 000 




S6 


14S.051 


47. 600 


1. 56020 


S7 


284.915 


70. 097 




16 


2S2. 927 


44. 283 


t. 56020 


S9 


6.600 







Otol -distance- S9. 534 



45 



so 



I K 

2 6. §060000^60 

6 GL@@@066o^6@ * 

0 6. 666eoeQ«0€6 • 
10 6. OOOOOOo^OOO 
17 6. OOOOOOs^OOO 
23 0. 6QOOOOd«000 
31 6. OOOOOOo^dOO 
36 6.606066e^6 

1 £ 

2 0. 06447OO-624 
6 -1. 4726170-622 
C D. §flSfl41c-022 

16 -4 9649840-024 

17 -2. 9780SSe-623 
23 -I. Q77B820-626 
31 -1.6250900-626 
30 -1. 4SS710eHI24 



3.4413910-660 



SS403Sq*€60 
874990^-667 
1®774Se-^60 
961073(2-000 
462617c-ei0 

dssssse-oeo 

0647930-669 



-2. 616109G-612 
31344eQ-«12 

1.6160740^11 
-5.9953070-612 
-6. 6901740-612 

t 876572C-61S 
-3. 651336C-614 
-9. 07T70So-®i2 



0. 1762260-^17 
4w a26S0do-61S 

-S.6eiS46Q-€tQS 
-3. 2595450-016 
-3. 2S626C«-€I16 

1. 79Q09SQ-O1Q 
-I. 317689O-610 
-4 246566C-617 



-2. 0614100-620 

6. @99906g-^10 
-$. 826849e-^1fl 

3. ©20660O-O2I 

7. 966691 0-620 

4. ?fl17SSe-022 
7. 8900I4O-023 

-8. 79271Se-020 



h 2S6 1450-620 
2. 3678790^26 
'7. 4134660-627 
2. O708OSO-62O 

5. ^647180-627 
1. 3001060-686 

6. 0166710-631 
1. 1176890-627 



a 60006604600 



6. 0060066^606 
6. 6066660^66 
6. 6066660^660 
8. 66ee6@o«^ 
6. 0666660^0 
6. OOOOOOemO 



55 



EP 1 061 396 A2 



[Numerical Example 28] 
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Table 1 



[Example 1] 
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[Example 2] 
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20 


3 


0.037 


0.001950 


23 


3 


0.127 


0.002467 


27 


3 


0.169 


0.000395 


32 


3 


0.300 


0.000368 


33 


3 


0.312 


0.000621 


ILx 0ol = 21 .068 




Table 3 






[Example 3] 


SURFACE No. 


GROUP No. 


Ihb/hl 


lAasph/LI 


2 


1 


3.970 


0.000974 


7 


1 


2.357 


0.000878 


12 


2 


0.992 


0.000365 


20 


3 


0.085 


0.004119 


23 


3 


0.078 


0.003725 


25 


3 


0.106 


0.005833 


33 


3 


0.229 


0.001500 
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Table 3 (continued) 



[Example 3] 



SURFACE No. 



GROUP No. 



Ihb/hl lAasph/LI 



IL X 0ol = 32.030 



10 

Table 4 





[Example 4] 


SURFACE Na 


GROUP No. 


Ihb/hl 


lAasph/LI 


15 


7 


1 


1.868 


0.004140 




8 


1 


1.712 


0.000568 




9 


2 


1.235 


0.000355 


20 


10 


2 


1.123 


0.001114 




18 


3 


0.057 


0.003483 




23 


3 


0.109 


0.006516 




29 


3 


0.214 


0.000567 


25 


30 


3 


0.268 


0.000155 




IL X 0ol = 26.233 



30 

Table 5 



35 



[Example 5] 


SURFACE No. 


GROUP No. 


Ihb/hl 


lAasph/LI 


7 


1 


2.216 


0.001748 


8 


1 


1.939 


0.000180 


9 


2 


1.085 


0.000233 


10 


2 


0.971 


0.000429 


17 


3 


0.094 


0;000127 


18 


3 


0.077 


0.00461 1 


21 


3 


0.093 


0.007132 


22 


3 


0.110 


0.001873 


27 


3 


0,257 


0.000947 


28 




0.387 


0.000046 


ILx 0ol = 25.150 
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Table 6 



[Example 6] 


SURFACE No. 


GROUP No. 


Ihb/hl 


lAasph/LI 


13 


2 


0.883 


0.000335 


53 


5 


0.304 


0.000542 


ILx 0ol = 34.291 



Table 7 



[Example 7] 


SURFACE No. 


GROUP No. 


Ihb/hl 


lAasph/LI 


10 


2 


1.221 


0.000531 


11 


2 


0.955 


0.000226 


ILx 001 = 31.965 



Table 8 



[Example 8] 


SURFACE No. 


GROUP No. 


ihb/hl 


lAasph/LI 


3 


1 


2.991 


0.000317 


4 


1 


2.691 


0.000209 


9 


2 


1.387 


0.000178 


10 


2 


1.233 


0.000040 


20 


3 


0.507 


0.000460 


35 


5 


0.042 


0.000251 


47 


5 


0.311 


0.000072 


ILx 0ol = 30.670 


Table 9 


[Example 9] 


SURFACE No. 


GROUP No. 


Ihb/hl 


lAasph/LI 


3 


1 


2.944 


0.001305 


8 


2 


1.347 


0.000952 


12 


3 


0.495 


0.000591 


18 


4 


0.245 


0.000983 
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Table 9 (continued) 



[Example 9] 


SURFACE No. 


GROUP No. 


Ihb/hl 


lAasph/LI 


22 


5 


0.051 


0.001685 


25 


5 


0.128 


0.002088 


31 


5 


0.275 


0.001076 


IL X 0ol = 24.425 



Table 10 



[Example 10] 


SURFACE No. 


GROUP No. 


Ihb/hl 


lAasph/LI 


3 


1 


2.870 


0.000521 


4 


1 


2.555 


0.000844 


9 


2 


1.337 


0.000677 


10 


2 


1.212 


0.000634 


13 


3 


0.610 


0.004306 


14 


3 


0.561 


0.002989 


19 


4 


0.267 


0.000720 


20 


4 


0.233 


0.000588 


21 


5 


0.042 


0.000371 


22 


5 


0.061 


0.002088 


25 


5 


0.133 


0.003329 


26 


5 


0.151 


0.000751 


IL X 0ol = 25.020 



Table 1 1 



[Example 11] 


SURFACE No. 


GROUP No. 


Ihb/hl 


lAasph/LI 


12 


2 


2.074 


0.000703 


13 


2 


1.847 


0.000539 


29 


4 


0.195 


0.001078 


32 


4 


0.082 


0.000153 


47 


5 


0.340 


0.000407 


IL X 0ol = 35.737 
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Table 12 



5 



10 



[Example 12] 


SURFACE No, 


GROUP No. 


Ihb/hl 


lAasph/LI 


3 


1 


2.955 


0.000154 


8 


2 


1.712 


0.000505 


9 


2 


1.403 


0.000303 


33 


5 


0.208 


0.000070 


52 


7 


0.457 


0.000321 


ILx 001 = 51.483 



Table 13 



25 



[Example 13] 


SURFACE No. 


GROUP No. 


Ihb/hl 


lAasph/LI 


19 
21 
49 


4 
4 
7 

ILx 0 


0.663 
0.504 
0.120 
ol = 49.1 


0.000228 
0.000003 
0.002189 
49 



Table 14 



[Example 14] 


SURFACE No, 


GROUP No. 


Ihb/hl 


lAasph/LI 


3 


1 


3.061 


0.000822 


8 


2 


1.691 


0.000950 


13 


3 


0.962 


0.000358 


43 


7 


0.318 


0.000784 


IL X 0ol = 35.677 



Table 15 
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[Example 15] 


SURFACE No. 


GROUP No. 


Ihb/hl 


lAasph/LI 


2 


1 


4.345 


0.000742 


8 


2 


1.491 


0.000214 


10 


3 


0.867 


0.002127 



EP 1 061 396 A2 

Table 15 (continued) 



5 



10 



[Example 15] 


SURFACE No. 


GROUP No. 


Ihb/hl 


lAasph/LI 


15 


4 


0.422 


0.000665 


18 


5 


0.263 


0.001040 


25 


6 


0,015 


0.000453 


30 


7 


0.114 


0.000968 


39 


7 


0.341 


0.000253 


IL X 0ol = 34.550 



15 



Table 16 



30 



[Example 16] 


SURFACE No. 


GROUP No. 


Ihb/hl 


lAasph/LI 


1 


1 


4.822 


0.002485 


2 


1 


4.040 


0.000098 


3. 


2 


2.368 


0.001695 


4 


2 


2.136 


0.001942 


9 


4 


0.719 


0.000030 


10 


4 


0.655 


0.000473 


33 


7 


0.358 


0.000358 


34 


7 


0.590 


0.001244 * 


IL X 0ol = 29.054 



35 



Table 17 



40 



45 



SO 



[Example 17] 


SURFACE No. 


GROUP No. 


Ihb/hl 


lAasph/LI 


2 


1 


5.341 


0.000029 


13 


2 


1.224 


0.000386 


27 


5 


0.248 


0.000321 


34 


6 


0.856 


0.000547 


47 


7 


7.731 


0.000533 


ILx 001 = 21.930 
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Table 18 



5 



[Example 1 8] 


SURFACE No. 


GROUP. No. 


Ihb/hl 


lAasph/LI 


2 


1 


4.030 


0.001160 


5 


1 


1.475 


0.004369 


10 


2 


0.634 


0.001383 


12 


2 


0.345 


0.000287 


19 


3 


0.089 


0.003157 


ILx 0ol = 19.546 



Table 1 9 



25 



30 



35 



[Example 19] 


SURFACE No. 


GROUP No. 


Ihb/hl 


lAasph/LI 


1 


1 


2.101 


0.000237 


2 


1 


1,999 


0.000351 


8 


2 


1.018 


0.002759 


9 


2 


0.594 


0.000913 


10 


2 


0.523 


0.001881 


16 


3 


0.062 


0.004013 


21 


3 


0.112 


0.005985 


27 


3 


0.211 


0.000182 


IL X 0ot = 26.006 



40 

Table 20 



[Example 20] 


SURFACE No. 


GROUP No. 


lAasph/LI 


Ihb/hl 


5 


1 


S-Oe--* 


2.51 


10 


2 


1.8e-3 


1-66 


15 


3 


2.9e-^ 


0.73 


IL X 0ol = 23.85 
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Table 21 



[Example 21] 


SURFACE No. 


GROUP No. 


lAasph/LI 


Ihb/hl 


2 


1 




2.92 


10 


2 




0.91 


11 


2 




0.72 


ILx0ol = 31.67 



15 

Table 22 



25 



[Example 22] 


SURFACE No. 


GROUP No. 


lAasph/LI 


Ihb/hl 


3 


1 


I.Oe^ 


2.63 


8 


2 


1.9e-3 


1.53 


12 


3 


4.0e'^ 


0.67 


IL X 0ol = 22.55 



30 

Table 23 



35 



[Example 23] 


SURFACE No. 


GROUP No. 


lAasph/LI 


Ihb/hl 


3 


1 


8.2e'* 


2.71 


6 


2 


7.0e'* 


1.13 


8 


2 


6.4e'* 


0.78 


10 


'3 


6.7e"* 


0.46 


IL X 0ol = 27.70 



45 

Table 24 



so 
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[Example 24] 


SURFACE No. 


GROUP No. 


lAasph/LI 


Ihb/hl 


1 


1 


3.2e^ 


4.66 


2 


1 


1 .3e^ 


3.35 


5 


2 


1.4e^ 


1.03 


6 


2 




0.90 


ILx0ol=: 30.58 
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Table 25 



10 



15 



[Example 25] 


SURFACE No. 


GROUP No. 


lAasph/LI 


Ihb/hl 


2 


1 


1 .5e^ 


4.35 


3 


2 


2.9e-^ 


2.94 


7 


3 


5.4e-^ 


1<76 


11 


4 


6.6e'^ 


0.59 


17 


6 


8.4e-5 


0.04 


23 


7 


1.7e-3 


0.10 


32 


7 


4.16'* 


0.31 


ILx0ol = 24.79 



20 



Table 26 



30 



35 



[Example 26] 


SURFACE No. 


GROUP No. 


lAasph/Lt 


Ihb/hl 


2 


1 


3.5e^ 


4.33 


3 


2 


2.4e-3 


2.98 


7 


3 


7.26-"* 


1.38 


11 


4 


1 .Be'* 


0.42 


19 


6 


4.7e-4 


0,03 


25 


7 


LBe^* 


0.12 


34 


7 


LSe"* 


0.45 


ILx 0ol = 24.58 



Table 27 



50 
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[Example 27] 


SURFACE No. 


GROUP No. 


lAasph/LI 


Ihb/hl 


2 


1 


5.2e-'* 


4.83 


6 


2 


4.6e''* 


2.35 


8 


2 


1 .8e-^ 


1.77 


10 


3 


2.4e-3 


1.10 


17 


4 


1.2e-3 


0.43 


23 


5 


1.0e-3 


0.22 


31 


7 


7.1 e-^ 


0.06 
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Table 27 (continued) 



[Example 27] 


SURFACE No. 


GROUP No. 


lAasph/LI 


Ihb/hl 


38 


7 




0.30 


IL X 0ol = 36.28 



10 



Table 28 





[Example 28] 




SURFACE No. 


GROUP No. 


lAasph/LI 


Ihb/hl 




3 


1 


6.58"* 


4.24 




5 


2 


I.Oe'3 


2.51 




6 


2 


l.le^ 


2.21 


20 


11 


3 


1.6e-3 


1.13 




22 


5 




0.26 




32 


7 


1.0e-3 


0.11 


25 


33 


7 


4.7e'^ 


0.13 




38 


7 


5.8e^ 


0.28 




39 


7 


1 .4e-^ 


0.41 




. ILx0ol = 34.21 



[0604] Figure 89 is a schematic view of a main portion of a semiconductor device manufacturing system which uses 
a projection optical system according to the present invention. The manufacturing system of this embodiment is 
arranged to produce semiconductor devices, by printing a circuit pattern formed on a reticle or photomask (first object), 

35 on a wafer or photosensitive substrate (second object). Generally, the system includes a projection optical system, a 
mask accommodating unit, a mask inspection unit, and a controller, all of which are disposed in a clean room. 
[0605] Denoted in Figure 89 at 1 is an excimer laser as a light source, and denoted at 2 is an illumination optical 
system which is provided as a unit. A reticle or mask (first object) 3 is placed at an exposure position EP, and then the 
mask is illuminated from the above with a predetermined numerical aperture (NA). Denoted at 909 is a projection opti- 

40 cal systenn according to Numerical Example 1 of Figure 1 , for example, and it it serves to project a circuit pattern of the 
reticle 3 onto a silicon substrate (wafer) 7 and to print the pattern thereon. 

[0606] Denoted at 900 is an alignment system for aligning the reticle 3 and the wafer 7, prior to execution of the 
exposure process. The alignment system 900 includes at least one reticle observation microscope system. Denoted at 
91 1 is a wafer stage. The elements described above are components of the projection exposure apparatus. 
45 [0607] Denoted at 91 4 is a mask accommodating unit, for accommodating plural masks therein. Denoted at 913 is 
an inspection unit for inspecting presence/absence of any foreign particles on masks. This inspection unit 913 Is used 
to perform particle inspectton when a selected mask is moved out of the mask accommodating unit 914, and before it 
is fed to the exposure position EP. 

[0608] The controller 918 serves to control the whole sequence of the system. Specifically, it controls the 
so sequences for operations of the accommodating unit 914 and the Inspection unit 913. as well as basic operations of the 
projection exposure apparatus, such as alignment operation, exposure operation and wafer stepwise motion, for exam- 
ple. 

[0609] Next, an embodiment of a semiconductor device manufacturing method based on such device manufactur- 
ing system described above, will be explained, 
55 [0610] Figure 90 is a flow chart of procedure for manufacture of microdevices such as semiconductor chips (e.g. 
ICs or LSIs), liquid crystal panels, or CCDs, for example. 

[061 1 ] Step 1 Is a design process for designing a circuit of a semiconductor device. Step 2 is a process for making 
a mask on the basis of the circuit pattern design. Step 3 is a process for preparing a wafer by using a material such as 
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silicon. Step 4 is a wafer process (called a pre-process) wherein, by using the so prepared mask and wafer, circuits are 
practically formed on the waferthrough lithography. Step 5 subsequent to this is an assembling step (called a post-proc- 
ess) wherein the wafer having been processed by step 4 is formed into semiconductor chips. This step includes an 
assembling (dicing and bonding) process and a packaging (chip sealing) process. Step 6 is an inspection step wherein 
operation check, durability check and so on for the semiconductor devices provided by step 5, are carried out. With 
these processes, semiconductor devices are completed and they are shipped (step 7). 
[0612] Figure 91 is a flow chart showing details of the wafer process. 

[061 3J Step 1 1 is an oxidation process for oxidizing the surface of a wafer. Step 1 2 is a CVD process for forming an 
insulating film on the wafer surface. Step 13 is an electrode forming process for forming electrodes upon the wafer by 
vapor deposition. Step 14 is an ion implanting process for implanting ions to the wafer. Step 15 is a resist process for 
applying a resist (photosensitive material) to the wafer. Step 16 is an exposure process for printing, by exposure, the 
circuit pattern of the mask on the wafer through the exposure apparatus described above. Step 1 7 is a developing proc- 
ess for developing the exposed wafer. Step 18 is an etching process for removing portions other than the developed 
resist image. Step 1 9 is a resist separation process for separating the resist material remaining on the wafer after being 
15 subjected to the etching process. By repeating these processes, circuit patterns are superpbsedly formed on the wafer. 
[0614] With these processes, high density microdevices can be manufactured. 

[0615] In the embodiment described above, the projection exposure apparatus is of the type that the whole circuit 
pattern of a reticle 3 is printed at once on a wafer In place of it, the present invention is applicable to a projection expo- 
sure apparatus of scanning type wherein light from a laser light source is projected to a portion of a circuit patter of a 
20 reticle through an illumination optical system and, while the reticle and a wafer are scanningly moved relatively to the 
projection optical system and in a direction perpendicular to the optical axis direction of the projection optical system, 
the circuit pattern of the reticle is projected and printed on the wafer. 

[0616] While the invention has been described with reference to the structures disclosed herein, it is not confined 
to the details set forth and this application is intended to cover such modifications or changes as may come within the 
25 purposes of the Improvements or the scope of the following claims. 

Claims 

1- A projection optical system, comprising: 



30 



35 



45 



a plurality of positive lens groups having a positive refractive power; and 
at least one negative lens group having a negative refractive power; 

wherein, when L is a conjugate distance of said projection optical system and 0q is the sum of powers of the 
or each negative lens group, a relation 

ILx0ol > 17 (00 = 2:0Qj where 0qj is the power of the i-th negative group) 
is satisfied; 

wherein, when h is a height of an axial marginal light ray and hb is a height of a most abaxial chief ray, at least 
two aspherical surfaces are formed on surfaces which satisfy a relation 

Ih5/hl>0.35; 

wherein, when AASPH is an aspherical amount of each aspherical surface, a relation 

lAASPH/LI > 1.0x10*® 



is satisfied; and 

wherein said at least two aspherical surfaces include regions in which, from a central portion toward a periph- 
^ eral portion of the surface, their local curvature powers change with mutually opposite signs. 

2. A projection optical system according to Claim 1 . wherein said at least two aspherical surfaces are formed on those 
surfaces up to one. In an order from the object side, which satisfies a relation 

55 lhb/hl>0.35. 

3. A projection optical system. according to Claim 1 or 2, wherein at least one of said at least two aspherical surfaces 
is provided in a negative lens group and includes a region In which, from the central portion to the peripheral portion 
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of the surface, the local curvature power thereof gradually increases in the negative direction or gradually 
decreases in the positive direction. 

4. A projection optical system according to any one of Claims 1 - 3, wherein relations 

ILx0ol<7O 
Iht/hl < 15 
lAASPH/LI < 0.02 

are satisfied. 

5. A projection optical system, comprising: 

a plurality of positive lens groups having a positive refractive power; and 
at least one negative lens group having a negative refractive power; 

wherein, when Lis a conjugate distance of said projection optical system and 0q is the sum of powers of the 
or each negative lens group, a relation 

ILx0ol>17 

is satisfied; 

wherein, when h is a height of an axial marginal light ray and h^ is a height of a most abaxial chief ray, at least 
one aspherical surface is formed on a surface In the negative lens group which satisfies a relation 

Ihb/hl>0.35; 

wherein, when AASPH is an aspherical amount of the aspherical surface, a relation 

lAASPH/LI > 1.0x10 ® 

is satisfied; and 

wherein said at least one aspherical surface includes a region in which, from a central portion toward a periph- 
eral portion of the surface, a local curvature power thereof increases In the negative direction or decreases in 
the positive direction. 

. A projection optical system according to Claim 5, wherein at least one aspherical surface is provided in a positive 
lens group and is formed upon one of the surfaces up to one, in an order from the object side, which satisfies a rela- 
tion 

lhb/hl>0.35 

and wherein said at least one aspherical surface Includes a region in which, from the central portion to the periph- 
eral jDortion of the surface, the local curvature power thereof gradually Increases in the positive direction or gradu- 
ally decreases in the negative direction. 

. A projection optical system according to Claim 5 or 6. wherein relations 

ILx0ol<7O 

lhi/hl<15 

IAASPH/LI < 0.02 

are satisfied. 
. A projection optical system, comprising: 

85 
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three lens groups of a lens group having a positive refractive power, a lens group having a negative refractive 
power, and a lens group having a positive refractive power, which are disposed in this order from the object 
side; 

wherein, when L is a conjugate distance of said projection optical system and 0o is the power of said second 
5 negative refractive power lens group, a relation 

ILx0ol>17 

is satisfied; 

^0 wherein, when h is a height of an axial marginal light ray and is a height of a most abaxial chief ray, at least 

two aspherical surfaces are formed on surfaces which satisfy a relation 

Ihtj/ht > 0.35; and 

IS wherein, when AASPH is an aspherical amount of each aspherical surface, a relation 

ASPH/L> 1.0x10'® 

is satisfied. 

A projection optical system according to Claim 8, wherein said at least two aspherical surfaces include regions in 
which, from a central portion toward a peripheral portion of the surface, their local curvature powers change with 
mutually opposite signs. 

25 10. A projection optical system according to Claim 8 or 9. wherein an aspherical surface is provided in the positive lens 
group closest to the object side, which aspherical surface includes a region in which, from the central portion to the 
peripheral portion of the surface, the local curvature power thereof gradually increases in the positive direction or 
gradually decreases in the negative direction. 

30 11. A projection optical System according to any one of Claims 8-10, wherein an aspherical surface is provided in the 
positive lens group closest to the image plane side, which aspherical surface includes a region in which, from the 
central portion to the peripheral portion of the surface, the local cun/ature power thereof gradually increases in the 
negative direction or gradually decreases in the positive direction. 

35 12. A projection optical system according to any one of Claims 8-11, wherein a or each lens group disposed after, in 
an order from the object side to the image plane side, the sign of an abaxial chief ray height is reversed, has at least 
one aspherical surface formed thereon. 

13. A projection optical system according to any one of Claims 8-12, wherein, in the positive lens group disposed clos- 
40 est to the image plane side, a second lens thereof in an order from the image plane side comprises a negative lens 

having a concave surface facing to the image side, and wherein a lens of that lens group, which lens is closest to 
the image plane side, comprises a positive lens having a concave surface facing to the image plane side. 

14. A projection optical system according to any one of Claims 8 - 13. wherein at least one aspherical lens with an 
45 aspherical surface has a plane surface formed on its side opposite to the aspherical surface thereof. 

15. A projection optical system according to any one of Claims 8-13, wherein each aspherical lens with an aspherical 
surface has a plane surface formed on its side opposite to the aspherical surface thereof. 

so 16. A projection optical system according to any one of Claims 8 - 13, wherein at least one aspherical lens provided in 
said projection optical system has two aspherical surfaces formed on the opposite sides thereof. 

17. A projection optical system according to any one of Claims 8-13, wherein each aspherical lens provided in said 
projection optical system has two aspherical surfaces formed on the opposite sides thereof. 

55 

18. A projection optical system according to any one of Claims 8-17, wherein relations 

ILx0ol < 70 



20 

9. 
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fhb/hl<15 

lAASPH/LI < 0.02 

are satisfied. 

19. A projection optical system, comprising: 

a first lens group Li having a positive refractive power, a second lens group L2 having a negative refractive 
power, a third lens group L3 having a positive refractive power, a fourth lens group L4tiaving a negative refrac- 
tive power, and a fifth lens group L5 having a positive refractive power, which are disposed in this order from 
the object side; 

wherein, when h Is a height of an axial marginal light ray and h^ is a height of a most abaxlal chief ray. at least 
two aspherical surfaces are fomried on surfaces which satisfy a relation 

lhb/hl>0.35; 

wherein, when AASPH is a largest aspherical amount of each aspherical surface from an optical axis to a lens 
effective diameter and L is an object-to-image distance, each aspherical surface satisfies a relation 

I AASPH/LI > 1 .0x1 0 and 

wherein said aspherical surfaces include regions In which, from a central portion to a peripheral portion of the 
surface, their local curvature powers change with mutually opposite signs. 

20. A projection optical system according to Claim 19. wherein at least one of said at least two aspherical surfaces 
Includes a region in which, from the central portion to the peripheral portion of the surface, the local curvature 
power thereof gradually increases in the negative direction. 

30 21. A projection optical system according to Claim 18 or 1 9. wherein at least one of said at least two aspherical sur- 
faces Is provided in a lens group having a negative refractive power. 

22. A projection optical system, comprising: 

35 a first lens group L1 having a positive refractive power, a second lens group L2 having a negative refractive 

power, a third lens group L3 having a positive refractive power, a fourth lens group L4 having a negative refrac- 
tive power, and a fifth lens group L5 having a positive refractive power, which are disposed in this order from 
the object side; 

wherein, when h is a height of an axial marginal light ray and hj, is a height of a most abaxlal chief ray. at least 
^ one aspherical surface is formed on a surface which satisfies a relation 

lhb/hl>0.35; 

wherein, when ASPH Is a largest aspherical amount of said aspherical surface from an optical axis to a lens 
45 effective diameter and L is an object-to-image distance, said aspherical surface satisfies a relation 

I AASPH/LI > 1.0x10"®; and 

wherein said aspherical surface includes a region in which, from a central portion to a peripheral portion of the 
so surface, a local curvature power thereof gradually increases in the negative direction. 

23. A projection optical system according to any one of Claim 19-22. wherein at least one aspherical lens provided in 
said projection optical system has a plane surface formed on its side opposite to the aspherical surface thereof. 

55 24. A projection optical system according to any one of Claims 19-22. wherein each aspherical lens provided in said 
projection optical system has a plane surface formed on its side opposite to the aspherical surface thereof. 

25. A projection optical system according to any one of Claims 19-22, wherein at least one aspherical lens provided 
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in said projection optical systenn has aspherical surfaces formed on the opposite sides thereof. 

26. A projection optical system according to any one of Claims 19-22, wherein each aspherical lens provided in said 
projection optical system has aspherical surfaces formed on the opposite sides thereof. 

27. A projection optical system according to any one of Claims 19-22, wherein relations 

Ihjj/hl < 15 
lAASPH/LI < 0.02 

are satisfied. 

28. A projection optical system according to any one of Claims 1 9 - 27. wherein, when L is an object-to-image distance 
of said projection optical sysitem and 0q is the sum of powers of the negative lens groups, a relation 

ILxOqI > 17 (0q = r0Qj where 0Qi is the power of the i-th negative group) 

is satisfied. 

29. A projection optical system according to Claim 28. wherein a relation 

ILx0ol < 70 

is satisfied. 

30. A projection optical system, comprising: 

a first lens group LI having a positive refractive power, a second lens group L2 having a negative refractive 
power, a third lens group L3 having a positive refractive power, a fourth lens group L4 having a negative refrac- 
tive power, a fifth lens group L5 having a positive refractive power, a sixth lens group having a negative refrac- 
tive power, and a seventh lens group having a positive refractive power, which are disposed in this order from 
the object side; 

wherein one or more aspherical surfaces are formed in said projection optical system; and 

wherein, when ASPH is a largest aspherical amount of each aspherical surface from an optical axis to a lens 

effective diameter and L is an object-to-image distance, at least one aspherical surface satisfies a relation 

lAASPH/LI > 1.0X10 ®. 

31 . A projection optical system according to Claim 30, wherein at least one aspherical surface is provided between a 
first lens surface closest to the object side and a stop position. 

32. A projection optical system according to Claim 30 or 31, wherein, when h is a height of an axial marginal light ray 
and is a height of a most abaxial chief ray, at least one aspherical surface is formed on a surface which satisfies 
a relation 

lhj,/hl >0.36. 

33. A projection optical system according to Claim 32. wherein at least two aspherical surface are formed in said pro- 
jection optical system. 

34. A projection optical system according to any one of Claims 30 - 33, wherein the aspherical surface is provided in a 
lens group having a negative refractive power, and wherein at least one aspherical surface in the lens group of neg- 
ative refractive power includes a region in which, from a central portion to a peripheral portion of the surface, a local 
curvature power thereof gradually increases in the negative direction. 

35. A projection optical system according to any one of Claims 30 - 34, wherein at least two aspherical surfaces include 
regions in which, from a central portion to a peripheral portion of the surface, their local curvature powers change 
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36. A projection optical system according to any one of Clainn 30 - 35, wherein at least one aspherlcal lens provided in 
said projection optical system has a plane surface formed on its side opposite to the aspherical surface thereof. 

5 

37. A projection optical system according to any one of Claims 30 - 35, wherein each aspherical lens provided in said 
projection optical system has a plane surface formed on its side opposite to the aspherical surface thereof. 

38. A projection optical system according to any one of Claims 30 - 35, wherein at least one aspherical lens provided 
10 in said projection optical system has aspherical surfaces fomied on the opposite sides thereof. 

39. A projection optical system according to any one of Claims 30 - 35, wherein each aspherical lens provided in said 
projection optical system has aspherical surfaces formed on the opposite sides thereof. 

15 40. A projection optical system according to any one of Claims 30 - 39, wherein, when L is an object-to-image distance 
of said projection optical system and 0 is the sum of powers of the negative lens groups, a relation 

ILx0qI > 17 (0Q = E0Qj where is the power of the i-th negative group) 

20 is satisfied. 

41. A projection optical system according to any one of Claims 30 - 40, wherein a relation 

lAASPH/LI < 0.02 

25 

is satisfied. 

42. A projection optical system according to Claim 32 or 33, wherein a relation 

Ihi/hl < 15 

is satisfied. 

A projection optical system according to Claim 40, wherein a relation 

ILx0ol < 70 

is satisfied. 



43. 

35 



40 44. A projection exposure apparatus for projecting a pattern of a first object, illuminated with light from a light source, 
onto a second object by use of a projection optical system as recited in any one of Claims 1-43, 

45. A projection exposure apparatus for projecting a pattern of a first object, illuminated with light from a light source, 
onto a second object by use of a projection optical system as recited in any one of Claims 1 - 43, while scanningly 
moving the first and second objects in a direction perpendicular to an optical axis of said projection optical system, 
in synchronism with each other and at a speed ratio corresponding to a projection magnification of said projection 
optical system. 

46. A device manufacturing method, comprising the steps of: 

exposing a wafer to a device pattern of a reticle by use of a projection exposure apparatus as recited in Claim 
44 or 45; 

developing the exposed wafer; and 

fabricating a device from the exposed and developed wafer. 
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